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Abstract

This dissertation explores novel techniques for observing the ionosphere using
natural signals. The ionosphere is a region of plasma hundreds of kilometers above
the Earth that affects communication and remote sensing applications across the
world. Traditional techniques for observing the ionosphere involve using man made
radio signals, either to reflect the signal at HF frequencies or to pass several signals
through the ionosphere and compare the difference the ionosphere makes in the
signals. However, such techniques are limited by the ability of equipment to produce
these signals and by the numerous laws and regulations governing transmission of
signals in the radio spectrum. Natural signals on the other hand are many orders
of magnitude more powerful than man made signals, and are produced in locations
unavailable to man made transmitters. How these natural signals interact with the
ionosphere provides a wealth of new information about the ionosphere.
Once such natural signal source is pulsars, which are the remnant cores of massive
stars after they go supernova. The result of the supernova and core collapse is a
rapidly spinning object that produces bright radio emission from it’s magnetic poles.

viii
If the magnetic poles are misaligned with the rotational axis, and the pole at some
point in its rotation points near Earth, a bright radio pulse will be seen here. These
pulses are extremely regular, and often are polarized. A polarized pulse traveling
through a magnetized plasma will under go Faraday Rotation, or a rotation of the
angle of the linear polarization. This effect is frequency dependent, so it is possible to
measure the frequency independent Faraday Rotation, known as Rotation Measure,
by sampling a large enough spread in frequencies. The Rotation Measure imparts
information about the density of the plasma as well as the strength of the magnetic
field as the signal passes through it. If one of the quantities is known, such as the
magnetic field of the Earth, the distribution of the electrons can be reconstructed
from the passing signal.
Lightning is another natural source of radio emission, producing bright radio
pulses as the lightning ionizes the air and as the voltage distribution within a cloud
equalizes. These radio pulses travel isotropically from the point of the flash, and
interact with the plasma of the ionosphere. Emission that is at lower frequencies
than the plasma frequency of a layer of the ionosphere reflects at that altitude, and
returns to earth. By comparing the direct line of sight information of the lightning
signal to the reflected signal across the range of HF frequencies, the height density
profile of the ionosphere can be determined. Moreover, by observing these signals
with an array of antennas, the direction of the reflected signal can be determined.
This provides not just the height profile, but also spatially where the reflected point
comes from. This can show dynamic ionospheric features such as traveling waves in
the ionosphere.
Lightning emission above the plasma frequency of the ionosphere can also be
used to detect ionospheric structures. If the ionosphere contains irregularities and
local densities of plasma, these structures can reflect signals at frequencies higher
than the plasma frequency. By cross correlating the direct line of sight signal of the
lightning with radio emission from all other points in the sky, the signals returning
from the many lightning pulses can be summed, illuminating structures that reflect
the lightning.

ix
These techniques demonstrate the ability of natural signals to passively specify
the ionosphere and open a new regime for examining the complex structures of this
important region of the atmosphere.
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on the southeast side of the array, mid frequencies above the array and
high frequencies northwest of the array. We believe this to be caused by a
density structure such as seen in Figure 3.7b . . . . . . . . . . . . . . .
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Chapter 1
Introduction
“Look, up at the sky. There is light, and beauty up there, that no Shadow can touch.” Samwise to Frodo, The Return of the King by J.R.R. Tolkien
The ionosphere is a remarkable natural phenomenon that represents the confluence
of terrestrial atmosphere, the magnetosphere, and the solar atmosphere. Here the
ionizing radiation of the sun creates a region dense with electrons. This region was
first observed in 1901 by Guglielmo Marconi, but the term “ionosphere” was not
coined until 1926 by Watson-Watt (Balan et al., 2018). Because plasmas are highly
conductive, this region enables communication by being reflective at radio frequencies,
but only high above the surface of the earth. Further study of this region of space
enables a better understanding of the processes that allow for radio communication
across the globe, and understand this region of the Earth’s atmosphere and our
understanding of the processes that happen in it.
There are many natural sources of radiation that can be used to probe this
region of the earth. In this thesis, lightning and pulsars in particular are used as
natural signals to probe the ionosphere. The benefits of using a natural signal source
are many fold. For example with pulsars, signals are broadcast indefinitely to half
the globe with extremely regular timing, allowing for any observer with the proper
equipment to explore the ionosphere. Additionally, lighting on average occurs every
10 minutes somewhere on Earth, and provides a bright, broadband signal from very
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low frequency (LF) to beyond extremely high frequency (EHF) radio emission. These
signals, whether astrophysical or atmospheric, can be used to probe the ionosphere in
deep and uncharted ways.

1.1

The Ionosphere

The Earth’s atmosphere is a gas composed of primarily molecular and atomic nitrogen
and oxygen, which is strongly opaque to high energy radiation. Ultra violet and x-ray
radiation less than 176nm in wavelength is absorbed by the atmosphere and ionize
the gas, separating the ions and electrons, creating a plasma. This plasma is the
ionosphere.
Ionizing radiation from space interacts first with the upper atmosphere, which
then shades lower portions of the atmosphere from some of this radiation as it is
absorbed. This results in a decreasing ionizing radiation flux as it travels lower
into the atmosphere. This process has the tendency to more fully ionize the upper
regions of the ionosphere, such that in the exosphere virtually all of the atmosphere
is ionized. However, the atmospheric density increases exponentially with depth into
the atmosphere, which increases the total density of electrons and ions by providing
greater number of species to ionize. Moreover, the lower atmosphere, with its higher
densities, has significantly higher recombination rates of the ionized species. The net
result of the balance of ionization production and recombination is a plasma that is
layered by height in the atmosphere with a peak electron density between 300 - 500
km above the Earth’s surface. The ionosphere is effectively zero at the surface of the
Earth, due to recombination rates being so high, and rises smoothly as a function of
height (Budden, 1988).
Due to the various balance of production and recombination, there are local
maximums in the ionosphere. The first is the D region, which occurs between 60 and
80 km above the surface of the Earth. This region is created by the most energetic
radiation penetrating far into the Earth’s atmosphere, but also in a region of higher
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recombination, resulting in this region only occurring during the day.
Above this region is the E region at approximately 110 km. This region is
somewhat unique in that its production is assisted by the photo-ionization of metal
species deposited by meteors in the atmosphere. The increase in ionization from
the metals combined with strong wind in the atmosphere results in a very thin but
dense region of electrons. These layers, more than other layers, are characterized by
higher electron densities and strong horizontal gradients as well, resulting in nonuniform structures. These patches of high electron density are labeled as ”sporadic
E”, referring to the non uniform nature of this region (Whitehead, 1970), This region
was the first region of the ionosphere that was discovered, and was named after the
”E” field that made its discovery possible. Other regions were named in reference to
this region (Balan et al., 2018).
Above the E region, recombination rates drop drastically, but atmospheric density
is still high enough to support significant ionization. This results in a persistent region
of high electron density known as the F region. The F region has the highest electron
densities of the ionosphere, ranging from 105 e / cm3 during solar minimum, to 107
during solar maximum. During the day, this region sometimes splits into two separate
regions, the F1 and F2 region, as a result of the absorption characteristics of various
gas species, however the smaller F1 local maximum of electron density disappears at
night when the higher recombination rates and plasma diffusion smooths the electron
density back to a uniform gradient. Fig 1.1 shows the typical electron densities at
various heights and also provides labels for the various regions of the atmosphere
taken from Davies (1965).
Electron/ion production in the ionosphere is largely caused by ultraviolet solar
radiation, although a small portion of the ionosphere is also caused by cosmic rays.
As a result, the ionosphere varies greatly based on the 11 year solar cycle. The
peak ionospheric density can change by up to two orders of magnitude between
solar minimum and solar maximum. In addition, the ionosphere is effected by the
day/night cycle of the Earth and by seasonal changes (Budden, 1988).
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Figure 1.1: A description of the electron density as a function of height as well as
the neutral temperature as a function of height. This chart also gives the most
common names for the regions of the ionosphere and the neutral atmosphere at
the heights of interest for this thesis. Adapted from Davies (1965).

The ionosphere also varies greatly with latitude, with a variety of structures
existing within it. At the polar regions, the magnetic field of the Earth dips into the
atmosphere, and with it, the charged particles trapped within it. Indeed, as charged
particles stream from the sun, they couple to the Earth’s magnetic field, and enter
into the atmosphere almost exclusively at the poles. This results in auroras, but also
complex interactions with the ionosphere that are still an intense area of research. At
equatorial latitudes, the strong solar flux along with a weak magnetic field creates
unusual phenomena known as the equatorial electrojet. In the mid latitudes, the
ionosphere is more stable, with movements and activity largely a result of coupling
to the thermosphere (Balan et al., 2018).
The ionosphere exists together with the thermosphere, the name of the neutral
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atmosphere at the altitudes that ionosphere exists. The thermosphere is bounded by
the mesosphere below it and the exosphere above it. The thermosphere is characterized
by an increase in temperature from the mesosphere, but still follows the exponential
density drop that characterizes the atmosphere. The temperature of the thermosphere
is highly variable and influenced greatly by the ionosphere. The temperature of the
thermosphere can decrease by a factor of

1
3

between day and night cycles and by

1
2
3

between solar minimum and maximum. The density begins at ∼ 1013 atoms per cm

at 80 km above the surface of the Earth, and decreases to ∼ 109 atoms per cm3 at the
upper edges of the thermosphere, in all cases several orders of magnitude above the
electron density of the ionosphere along side it. The thermosphere is driven by neutral
winds and waves that largely are produced from waves in the lower atmosphere, but
also by waves and actions within the ionosphere. In turn, the thermosphere couples
to the ionosphere, although not perfectly, generating movement within the ionosphere,
which are expressed as winds, currents, and waves Davies (1965).
One class of these waves are known as medium scale traveling ionospheric disturbances (MSTIDs). MSTIDs are trains of density fluctuations within the ionosphere
that travel in a particular direction and are gravity waves similar to those found in
the atmosphere or the ocean. MSTIDs are distinct from large scale TIDs (LSTIDs),
which have much longer wavelengths and phase velocities; LSTIDs are generally well
understood in their production from the polar electrojets. By contrast MSTIDs are
smaller in wavelength, typically that range from 100-500 km, and phase velocity, that
range from 50-300 m/s. These waves are thought to be produced by coupling with
the lower neutral atmosphere through several methods, including from large storm
fronts or from orographic lift from winds moving across significant terrain features
(Crowley and Rodrigues, 2012).

1.1.1

Electromagnetic Waves in Plasma

Electromagnetic waves come in many forms, but all describe the same phenomena,
the transfer of energy via the electromagnetic field. Here I will primarily focus on
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radio waves, which are electromagnetic waves less than 100 GHz. The radio wave
spectrum is broken down in discrete bands, although the labeling of the bands is fairly
arbitrary. Using the International Telecommunications Union (ITU) standard (itu,
2016-08), radio waves are broken down by their order of magnitude frequency. For
example the lowest frequency waves are defined as Extremely Low Frequency or ELF
band, which are radio waves with a frequency of 3-30 Hz. The next band, the Super
Low Frequency or SLF band goes from 30-300 Hz. The reason that the bands all
begin and end on a 3 times a power of 10 is that this can be useful in approximating
the wavelength of the wave, since the speed of light is ≈ 3 × 108 m/s. Thus the ELF
band can also be thought of waves with a wavelength of 10,000 - 100,000 km. This
thesis focuses on the High Frequency (HF) band, 3-30 MHz, Very High Frequency
(VHF) band, 30-300 MHz, and the Ultra High Frequency (UHF), 300-3000 MHz.
Radio waves are useful in probing ionospheric plasma, as the resonant frequencies of
this plasma is in the radio regime. This means radio waves are most strongly affected
by the plasma, and thus impart the greatest signals on to these waves.
Plasma is formed when the ions and electrons of a gas separate, either through collisions driven by high temperatures or pressures, or photo electrically. The separation
of the electrons and ions in a plasma results in electromagnetic waves propagating
through the media reacting differently than as if the waves were passing through
a vacuum or neutral air. The effect that the plasma has on the wave depends on
the characteristics of the wave and the plasma through which it travels. Plasma
can either have smooth gradients or steep gradients, and can either be magnetized
or unmagnetized. In this thesis we will generally be discussing a smoothly varying
magnetized plasma. Waves traveling through a plasma can either be polarized or
unpolarized, with polarized waves having either linear or circular polarization (Davies,
1965).
To begin we will look at the electro-static and magneto-static cases of a plasma,
and their relation to waves. First, a plasma is made of a quasi neutral fluid, meaning
that the plasma has equal number of separated electrons and ions. The electrons,
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separated from the ions create an electric field of strength:

E=−

Ne
x,
0

(1.1)

Where N is the electron density, e is the fundamental charge, 0 is permittivity of
free space and x is the direction of the electric field.
We can assume that this motion is harmonic which has an equation of motion of:

mẍ =eE;
mẍ =e(−

(1.2)
Ne
x);
0

N e2
ẍ + (
)x =0,
m0

(1.3)
(1.4)
(1.5)

where m is the mass of the electron, e is the fundamental charge, N is the number
density of electrons in a unit volume. Solving for the periodic motion gives us the
fundamental oscillation of electrons around the ions in the plasma known as the
angular plasma frequency

ωp2 =

N e2
,
me 0

(1.6)

Looking at the magneto-static case, if the plasma also has a non zero magnetic
field, then the moving ions within the magnetic field will experience a force. This force
becomes a centrifugal force causing periodic circular motion around the magnetic
field line such that

F =ev × B,

(1.7)
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vt =rH ωH ,
2
mrH ωH
=erH ωH B,
e
ωH = B
m
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(1.8)
(1.9)
(1.10)
(1.11)

Note that this angular frequency is independent of the velocity of the ion, and
hence always present in a plasma with a magnetic field. This frequency is known as
the gyrofrequency of the plasma
Now we can begin discussing the propagation of a free wave into the medium of a
plasma. We begin with Maxwell’s equations in a polarizing medium. This medium
is electrically neutral, homogeneous plasma with a uniform external magnetic field.
We will assume that electron collisions are independent of electron energy and that
the thermal motion of electrons is 0; this is the cold electron assumption. We will
also only be looking at the movement of electrons, in that the EM waves are working
on time scales in which the ion movement, compared to the electron movement, is
essentially zero. We begin with Maxwell’s equation in a medium:

∇D =0,

(1.12)

∇B =0,

(1.13)

∇ × H =Ḋ = 0 Ė + Ṗ,

(1.14)

∇ × E = − Ḃ,

(1.15)

We will be looking at a plane wave traveling through the medium with a direction
of travel along the x axis with the magnetic field vector in the x − y plane some angle
θ from the x axis. This wave has an equation like the following

E = E0 exp i(ωt − kx),
Which has the following relations:

(1.16)
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(1.17)
(1.18)

=iω,

(1.19)

= − ω2,

(1.20)

Substituting this into the Maxwell equations we get

Dx =o Ex + Px = 0,

(1.21)

Bx =µ0 Hx = 0,

(1.22)

We can substitute this into the curl equations above and get:

k
o Ey + Py = Hz = Dy ,
ω
k
o Ez + Pz = Hy = Dz ,
ω

(1.23)
(1.24)

kEz =µ0 ωHy ,

(1.25)

kEy =µ0 ωHz ,

(1.26)

combining the equations to eliminate H, and noting that the index of refraction
is n =

ck
,
ω

we can obtain

1 Py
,
o Ey
1 Pz
n2 =1 +
,
o Ez
n2 =1 +

(1.27)
(1.28)
(1.29)
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Ey
Ez

= R where R is the wave polarization.

We must now look at how the magneto-ion relations affect the wave as it travels
through the medium. In particular we must consider the electric field of the wave, the
force of the imposed magnetic field on the ions and electrons, and collisions between
electrons and neutral species. The equation of motion of the electrons then become

mẍ =eEx e − żBT − mν ẋ,

(1.30)

mÿ =eEy e + żBL − mν ẏ,

(1.31)

mz̈ =eEz e + ẋBT − ẏBL + mν ż,

(1.32)

Here the T and L subscripts denote the transverse or longitudinal component of
the magnetic field respectively. Next, we multiply through eN and assume a harmonic
solution, and substitute N ex = Px which gives us

0 N Ex = − Px + iPx Z + iPz YT ,

(1.33)

0 N Ey = − Py + iPy Z − iPz YL ,

(1.34)

0 N Ez = − Px + iPz Z − iPx YT + iPy YL ,

(1.35)
(1.36)

where X =

2

Ne
2,
0 mω

YL =

eBL
,
mω

YT =

eBT
mω

, and Z =

ν
.
ω

We can then relate these

terms through the polarization term R such that 0 XEx = −XPx , which give the
following relations

Px
iYT
=
,
Pz 1 − X − iZ
Pz2 YL = Px Py YT − Py2 YL ,
Substituting in R =

Py
,
Pz

(1.37)
(1.38)

we can achieve the following equation, which can be

solved through the quadratic formula
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iYT
R+Y ,
1 − X − iZ s L

YT2
∓
1 − X − iZ

(1.39)

YT4
+ 4YL2
(1 − X − iZ)2

!
,

(1.40)

If we assume that the collision frequency is very small, which is generally true in
the E region and above in the ionosphere, then Z can be neglected resulting in

i
R=
2YL

YT2
∓
1−X

s

!
YT4
2
,
2 + 4YL
(1 − X)

(1.41)

We can then resubstitute our relation for the index of refraction and, after
rearranging, obtain the Appleton-Hartree Formula:

X

n2 = 1 −
1 − iZ −

2

YT
2(1−X−iZ)

r
±

,
4

YT
2
4(1−X−iZ)

+

(1.42)

YL2

which in the upper region of the atmosphere, in the limit where the collision
frequency is negligibly smalls, the equation reduces to

n2 = 1 −

2X(1 − X)
q
,
2
4
2 2
2(1 − X) − YT ± YT + 4(1 − X) YL

(1.43)

and without a magnetic field can reduce to

n2 = 1 − X,

(1.44)

There are several important characteristics to derive from these formulas. The
first being that in the absence of a magnetic field, waves will reflect if n = 0, and
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they will reflect in a manner that is equal and opposite of the angle on incidence of
the plane of stratified plasma. This is essentially Snell’s law applied to a continuously
varying medium such as the ionosphere.
Additionally, in the presence of a magnetic field, there are only two modes of
propagation, corresponding to whether the ± in equation 4.2 above is positive or
negative. If we set n = 0 and then solve for X, we can see that the two solutions are
either

X=



1

;+

p

1 ± YT2 + YL2 = 1 ± Y

;−

These represent the two modes of reflection within the ionosphere. In one, the
equation reduces to the reflection as if the wave is propagating in a medium without
a magnetic field. This is known as the Ordinary mode, or O-mode, reflection, as it
corresponds to the wave that travels as if it were a free wave without an imposed
magnetic field. The other reflection is known as the Extraordinary mode, or X-mode,
which is the wave that is affected by the magnetic field. When looking at these waves
the O mode is found by looking at the circularly polarized mode that propagates in
the same direction as the ion gyrofrequency. In essence the wave travels with the
electrons as the oscillate around the magnetic field lines and thus are not affected by
them. By contrast the X mode travels against the gyrating electrons, and thus are
affected by their movement.
The other important factor is the phase velocity and the group velocity of a wave
as it travels through a plasma. The phase velocity of a wave can be seen easily by
looking at the index of refraction, specifically

vp =

ω
c
= ,
k
n

(1.45)

If we look at the high frequency limit of our diffusion equation for a wave in an
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unmagnetized plasma, we find that

N e2
lim n = 1 −
= 1 − 0 = 1,
ω→∞
0 mω 2
2

(1.46)

As such, we can see that for a plasma the index of refraction is always below one,
and thus the phase velocity is always greater than the speed of light. By contrast,
the group velocity, which is the speed at which a packet of information can travel
through the medium is slower than the speed of light

vg =

∂ω
,
∂k

(1.47)

Given that we know the dispersion relation for the light wave we can rewrite the
index of refraction and then derive the group velocity as

2

ω =
2ω



N e2
0 m

2

+ c2 k 2 ,

∂ω
=2c2 k,
∂k
∂ω c2 k
=
= cn,
∂k
ω

(1.48)
(1.49)
(1.50)

This group velocity delay is of notable importance in determining the electron
density of the ionosphere, and must be contended with when sending radio waves
through it. It can also be noted that this group velocity delay is proportional to the
ratio of the plasma frequency to the frequency of the wave traveling through it. The
lower the frequency, the more strongly it is affected by the plasma and the slower its
group velocity. Also for an ordinary wave of a particular frequency traveling through
the ionosphere, the only parameter that affects its dispersion that isn’t constant is
the electron density. As a result, the electron density becomes of utmost importance
when determining the state of the ionosphere.
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Ionospheric Measurements

As mentioned in the previous subsection, the most important parameter in determining the state of the ionosphere is the spatial distribution of the electron density.
Unfortunately, the electron density is in constant flux, as more electrons are produced
from photoionization, electrons and ions recombine, and the electrons move about
the ionosphere is complicated and often unpredictable ways. As a result, the best
method for determining the state of the ionosphere is to directly measure it. It is
possible to take measurements in-situ, often with probes strapped to rockets and
other space vehicles, but these methods are costly and inefficient. Instead, it is much
more practical to probe these regions with radio waves. There are several instruments
used in this thesis to measure the ionosphere, the use and applicaiton of which this
thesis builds upon by adapting natural signals to approximate the output of these
devices. Therefore, it is instructive to have a good background knowledge of these
devices going forward.

GPS
The Global Positioning System (GPS) is a constellation of satellites that beam a
precisely timed signal to Earth. By measuring the time difference, and thus range,
from several of these satellites, an accurate position on the globe can be determined.
However, as previously mentioned, the ionosphere imparts a group velocity delay on
these signals, which in turn imparts error into the range calculation from satellite
to receiver. The solution is to send signals at two different frequencies and compare
them. Since the group velocity delay is frequency dependent, the total electron
content (TEC), or integrated electron density along the line of propagation of the
signal, can be determined and then eliminated from the calculation. As a result, this
TEC can be recorded and gives information about the ionosphere (Hernandez-Pajares
and Zornoza, 2008).
The United States GPS constellation consists of 32 satellites in half-geosynchronous
orbits, meaning they appear in the sky above a particular point for approximately 6
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hours before drifting out of sight. Each of the 32 satellites broadcasts a time coded
signal on two bands, the first at 1575.42 MHz known as the L1 signal, and the second
at 1227.60 MHz and known as the L2 signal. By being far away from the plasma
frequency of the ionosphere, which has a peak frequency typically between 5 and 14
MHz (Bilitza et al., 2017) depending on solar cycle, these signals can mostly travel
unimpeded through the ionosphere. However, the ionosphere still affects these signals,
to a degree that can be measured. There are two measurements that are made with
the GPS signals, and each gives a measurement of the TEC between the satellite and
the receiver.
The first measurement is derived from the group velocity delay. The GPS signal
is broadcast with a time encoding, letting the receiver know the time of flight from
transmitter to receiver. This can be converted to pseudorange, or the distance between
the two objects if there was only vacuum, by multiplying by the speed of light, c.
The pseudoranges between the L1 and L2 will be different, and this difference is
proportional to the difference in these pseudoranges. We define the TEC as the
integrated electron density through a plasma so that

Z
T EC =

d

ne (s)ds

(1.51)

0

We can then derive the differences in psuedoranges as the integration of group
velocity over the path, which we can then solve for TEC
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,

 ∆τ = 9.5196(P 1 − P 2),

(1.52)
(1.53)

Where P1 and P2 are the pseudoranges of L1 and L2 respectively. This measures
TEC in TEC units (TECU) which is defined as 1 TECU = 1016 e/m2 . This method has
an error of ≈0.2 - 0.5 TECU, due largely to multipath effects as well as measurement
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noise, which is relatively high for an ionosphere with a TEC between 10-50 TEC
depending on solar cycle, season, etc. The second method to determine the TEC of
the ionosphere is to determine the phase velocity of the wave. Similar to the group
velocity delay, the phase velocity is increased through the ionosphere. The number
of cycles can be directly recorded and compared by integrating the phase velocity,
just as the group velocity was integrated above. During this, since we are comparing
number of cycles, one of the carrier frequencies must be converted to the other. This
results in a TEC measurement of:

T ECφ = 1.812(L1 − L2 × 1.5745/1.2276);

(1.54)

This measurement is much more accurate, delivering a TEC accurate to ∼ 0.03
TECU, but this method can only be determined upto a single wavelength of the
carrier, giving a 2π ambiguity to the measurement. As a result, the two measurements
are used together, with the phase carrier method being corrected to the pseudorange
method.
The TEC of the GPS represents a total column density from satellite to receiver,
and as such the geometry of the measurement is important. As measurement is
made lower on the horizon, the obliqueness of the angle made with the normal of
the ionosphere increases. This means the signal cuts a longer path through the
ionosphere, increasing its TEC measurement relative to a less oblique angle. This
raw measurement is known as the slant TEC. In order to compare measurements of
the ionosphere, these measurements are converted to what the measurement should
be as if it were taken vertically, or vertical TEC. This is done by assuming that the
ionosphere is a discrete shell surrounding the Earth of a particular thickness, and
then comparing the path of vertical incidence and the path of a slant incidence. The
formula for converting from one to the other is derived using the law of sines and
then comparing the vertical incidence length to the slant distance through the shell
as seen in Fig. 1.2, which is simply the cosine of the angle (Sotomayor-Beltran et al.,
2013).
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(1.55)
(1.56)
(1.57)
(1.58)

Here θz is the zenith angle of the measurement, Re is the radius of the Earth and
h is the height to center of the thin shell in the ionosphere. h is often taken as the
peak density of the ionosphere in the F2 layer, known as “fof2”, or frequency of F2,
with frequency that can be directly converted to a density. This assumption on the
height is justified as the measurement is relatively insensitive to small changes in
height, given that the height is much smaller than the radius of the Earth.
This conversion gives the vertical TEC at a particular point on the Earth, known
as the ionospheric pierce point, or IPP. This point is described with the latitude and
longitude of where the path between the receiver and satellite intersects the thin shell
approximation of the ionosphere. The actual placement of the IPP can be difficult
to determine, as the Earth is not a perfect sphere. The method developed for this
work is to determine the equation of the line from the receiver to the satellite in
Earth-centered Earth-fixed coordinates. These coordinates are cartesian coordiantes
with the center of the Earth at the origin, the x axis extending through the prime
meridian and equator, the y axis through the 90 degrees east meridian and the
equator, and the z axis through the north pole. The IPP is then found where this
line intersects an oblate spheroid of the same flattening parameters as the Earth, but
with a major and minor axis exactly the ionosphere height larger. This method is
geodetically accurate by avoiding the need to iterate the location on the Earth, such
as through Bowring’s method (Bowring, 1976).
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Figure 1.2: A geometric method of finding the propotionality of the slant TEC
to the vertical TEC by using the law of sines to find the angle the ray passing
through the ionosphere makes with the normal to the ionosphere. Once the angle
between a vertical passthrough of the ionosphere and the actual passthrough
between the receiver and satellite, the ratio of the vertical TEC to the slant TEC
can be found.

Ionosonde
While GPS receivers are useful in determining the total electron density in the
ionosphere, it does a poor job of describing the distribution of electrons. An ionosonde
is a piece of equipment that is able do a much better job. An ionosonde is similar to
a radar, in that it determines the height of the ionosphere by sending a radio pulse
out at a particular frequency and then timing the return signal. The frequency of
the return signal corresponds to a particular electron density in the ionosphere, as
the signal will reflect where its frequency matches the plasma frequency, and thus
a particular electron density, in the atmosphere. Ionosondes will transmit at many
different frequencies, getting density information at a number of different heights. A
complete series of heights of electron densities is known as an ionogram (Huang and
Reinisch, 1996).
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The measurement of an ionosonde begins as a pseudoheight, which is simply half
the time of flight of a particular frequency times the speed of light in a vacuum.
However, before the signal is reflected in the atmosphere, it passes through the layers
of plasma below the reflection point. This plasma imparts a group velocity delay on
the signal, and must be accounted for when calculating the actual height of reflection
of the signal. The most common method for accounting for this delay is to first
calculate the height of the lowest frequencies and determine the density there. This
allows correction for the delay experienced by all higher frequencies passing through
that region. The next height is then calculated using the lower heights’ electron
densities, fixing that density at a height. This is done through all frequencies until
the peak electron density is found.
This is effective as in general the electron density of the atmosphere is monotonically increasing from the ground up. There are occasionally gaps in frequency, which
do not return a signal, known as cusps, which show local maximas in the electron
density. For ground based ionosondes, this means that only the densities of altitudes
up to the peak density of the ionosphere can be determined. This is known as the
bottomside profile. Satellites can and have been equipped with ionosondes to probe
the topside profile, but the latest topside soundings have been done in the 1970s
(Nsumei et al., 2012). These readings are still useful in modeling the topside electron
density profile.
The ionosonde used this is thesis was a Lowell Digital 4DS digisonde (Reinisch
et al., 2008). This type of ionosonde comes prepackaged with methods for determining
the bottomside profile. The digisonde creates a profile by transmitting a series of
pulses at a given frequency and timing the return. Each pulse is 533 µs long with 16
33 µs phase coded segments in the signal. Pairs of pulses are given a phase coded
signal that is complementary, meaning that when Fourier transformed and combined,
the signals constructively add to a much greater power signal. This allows for a lower
power transmitter to transmit for longer and build up significant signal to noise. Each
pulse is separated by either 5 or 10 ms, depending on settings in the system, to allow
for longer returns or shorter returns. Longer returns are able to process up to higher
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heights within the ionosphere, while shorter returns provide more signal returns from
lower in the ionosphere. The particular setting used is based on the expected height
of the ionosphere.

Figure 1.3: A sample ionosgram created with the ARTIST 5 software suite. The
left axis is height represented in km, the bottom axis is frequency in MHz. Each
colored pixel represents the signal strenght from that height for that frequency in
pseudo-height. The pink returns show the O-mode trace, while the green show the
X-mode. The other colors show the doppler shift of the returns. The solid black
line shows the true height of the ionosphere, accounting for the group velocity
delay in in lower layers of the ionsphere. This profile primarily shows the F-region
of the ionosphere, but a small E-region can be seen at 2 MHz at about 110 km.
This ionogram was made in Austin, TX on 2018 July 27.

The digisonde systems come packaged with the ARTIST 5 software, seen in Fig.
1.3, which automatically ingests and determines the true electron density height of
the ionosphere through the recursive method described above (Galkin et al., 2008).
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Coherent Scatter Radar
Coherent scatter radars (CSRs) are systems that work very much like an ionosonde,
but operate at frequencies above the plasma frequency of the ionosphere. They also
send out pulses with the intent of timing the propagation to a source and back.
However, there are some significant differences between CSRs and ionosonde. CSRs
are often phased arrays of antennas, allowing for the direction of scatter off structures
to be determined. CSRs work by sending out a radar pulse, generally by using either
a phased array or dish to provide significant directional gain for the pulse. This pulse
propagates out and interacts with coherent structures within the ionosphere (Shume
et al., 2005).
A coherent structure refers to a in-homogeneous structure, which no longer follows
the assumptions and laws that produce the smooth gradients within the ionosphere.
Generally this happens when there are instabilities within the ionosphere that cause
sharp gradients within the plasma. If the size of these structures is approximately
half the wavelength of the signal, then the wave will scatter, similar to Thompson
scattering. As a general rule, pulse power decreases as ∝ 1/r2 from the transmitter,
reflecting the increasing surface area of the wavefront as it travels outward. The
scatter from a coherent object also decreases as ∝ 1/r2 , as the returned signal also is
spread out over a surface area, meaning that power returned from a coherent structure
decreases as ∝ 1/r4 . The result is that much more power is needed to see coherent
structures in the ionosphere than an ionosonde. Ionosondes typically operate on with
a delivered power of 100-500 W while a coherent scatter radar often has a power in
the 10-50 kW.
Coherent scatter radars come in several varieties, the most common of which
are mono-static and bi-static radars. A static radar is a one where the transmitter
and receiver are stationary during the entire process of transmission to reception. A
monostatic radar is one where the transmitter and receiver are located at approximately the same point. A bistatic radar is one where the transmitter and receiver
are separated by an appreciable distance compared to the distance to the scattering
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structure. In the monostatic case, the system can be considered a geometric circle,
with returns occurring on the circle at some distance R from the site. The distance of
the flight is simply half time of flight times the speed of light. This is especially true
at signals well above the plasma frequency. A bistatic radar case is more complicated,
with the two points becoming the two foci of an ellipse. As the radar pulse propagates
further out, the eccentricity of the ellipse drops until the figure approximates a circle.
This complicates calculations of time of flight and distance to the structure.
In order to look at these structures, it is often necessary to look the radar returns
with a phased array. A phased array allows for the returns to be correlated spatially
in a process known as imaging. During imaging, the return with each antenna is
cross-correlated with each other, creating a baseline. Each baseline is a vector in the
(u,v) plane that encodes the amount of recorded signal of a particular spatial size in
the image. The (u,v) plane is the two dimensional inverse Fourier Transform of the
image plane. By recording all of the correlations into the (u, v) plane, the (u, v) plane
can then be Fourier Transformed into the image. The more complete the covering of
the (u,v) plane, the more accurately the produced image represents the true image.
If the observation lacks long baselines, the produced image will lose the fine scale
details of the true image. Similarly, if the observation lacks short baselines, than the
produced image will lack the large scale structure of the true image.
CSRs look to image and analyze the coherent structures of the ionosphere. Often
these structures are created from instabilities within the atmosphere. In the mid
latitude region the most common type of instability involves the point where the
magnetic field lines dip into the atmosphere. Here, the plasma often experiences
currents driven by the neutral wind. These currents push the plasma across the field
lines creating a pressure when the field lines want to maintain their position. As
the force builds in the plasma, instabilities form, aligned with the field lines. This
alignment is important, as that their greatest cross-sectional area is parallel to the
field lines, meaning the greatest cross-section of return from a CSR is perpendicular
to these field lines.
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Figure 1.4: Coherent Scatter Radar returns from a 32-MHz radar on 2002 August
03, from a radar located at the southern end of Tanegashima Island, Japan. The
echoes show quasi-periodic (QP) echo structures with striations that slant toward
the radar with increasing time and periodicities of 510min between adjacent
striations (Larsen et al., 2005).

1.2

Pulsars

Pulsars are astronomical sources seen by radio telescopes that repeat a regular and
periodic signal. These objects were first discovered by Jocelyn Bell Burnell (Hewish
et al., 1968) on 28 November, 1967 at the Mullard Radio Astronomy Observatory
in Cambridge, Britain. These objects are thought to be the dense remnant cores of
massive stars known as neutron stars.
Neutron stars are formed at the end of the life cycle of a star that has a mass
above approximately 8 solar masses (Lorimer et al., 2005). A star with this amount
of mass imparts an incredible pressure to its core. During the main sequence of these
stars, the impressing force of gravity is balanced by the thermal pressure generated
by the continuous nuclear fusion reaction in the center of the star. However, nuclear
fusion is only exothermic, or energy producing, while fusing elements up to iron.
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Beyond iron, fusion consumes energy instead of producing it. Once the star has run
out of lighter elements, the core becomes iron rich. Once the center of the star is
made of iron, the only force preventing the collapse of the star is electron degeneracy
pressure. Due to the Pauli exclusion principle, no two electrons can exists in the same
energy state in the same location. As more electrons are added, which occurs as more
matter is added to a given area, the electrons must enter higher and higher states.
The necessary higher energy state is exerted as a pressure on the region. Eventually
however, the necessary energy state is lower than the energy of electron capture for
the iron nuclei in the given region, causing a runaway reaction of electron captures in
the center of the star. This removes the degenerate pressure and the core collapses
until the neutron degeneracy exerts a pressure and the collapse rebounds off of the
new solid neutron core of the star. This rebound powers the supernova explosion,
and the remaining core in known as a neutron star.
Neutron stars are the most dense objects observed in the universe that are not
black holes, with an average neutron star having a density of ∼ 1017 kg/m3 , or 14
orders of magnitude more than water (Özel and Freire, 2016). The result of the
incredible increase in density and the collapse is a large increase in angular velocity
and an increase in magnetic field. The increase in angular velocity is a result of a
decrease in radius, but conservation of angular momentum of the object. The increase
in magnetic field can be seen by a condensing of the magnetic field in the plasma
of the neutron star. Plasmas are conductive by nature, and conductive fluids move
the magnetic fields within, in a process known as Alfvén’s theorem. The magnetic
field flux is essentially frozen into the plasma, and as it is compacted through the
supernova process, the magnetic field remains and increases in density. Magnetic
fields of pulsars range from 104 to 1011 Tesla, compared with the ∼ 10 Telsa of the
strongest magnetic fields produced in a laboratory.
In the canonical model, a plasma surrounds the outer layers of the neutron star
and co-rotates with it, being trapped in its intense magnetic field. There are several
ideas for the mechanisms which produce the radio waves within the pulsar, but so far
none of the models are definitively supported. Ideas include synchrotron emission
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around the poles (Lyne, 2006), magnetic field line reconnection and relaxation and
superluminal motion at the edges of the light cylinder. For this thesis, the method
of radio emission is largely immaterial, only so much as its spectrum being well
characterized is important. What is known, is that the radio pulses originate within
the magnetic poles of the neutron star, and the magnetic poles often do not align
with the rotational axis of the neutron star. This generates a beam of radio and
gamma ray emission at the poles that rotates with neutron star. Like a lighthouse
beam, as the beam of the poles passes in the direction of the Earth, a pulse is seen
at Earth. These emissions can vary greatly over the electromagnetic spectrum, but
in general what is seen at Earth is a sharp rise and fall pulse. If the rotation axis is
sufficiently miss matched, and is sufficiently perpendicular to the Earth, both light
cones from the poles may point over the Earth. This is seen as off pulse emission
from the pulsar, or a pulse 180 degrees out of phase of the main pulse. Fig. 1.5 shows
a model of our current understanding of how a pulsar produces a signal.
From the pulsar, the radio pulse must pass through the medium surrounding the
pulsar, the interstellar medium, and the heliosphere before arriving at Earth. Much
like the ionosphere, these regions are made primarily of plasma and affect the radio
pulse as it travels to Earth. The first affect this has on the radio pulse is a group
velocity delay known as dispersion delay, which is typically recorded as a frequency
independent parameterization known as dispersion measure. The time of arrival of
a pulse varies over the radio spectrum, with higher frequencies arriving first. This
is simply the group velocity delay imparted by the thin plasma of the interstellar
medium and is exactly the same as the total electron content discussed above with
units of electron parsecs per cm3 , which is 3.086 × 106 TECU. The relative miss
match in units describes the difference in scales (Lambert and Rickett, 1999). The
ionosphere has high densities, reaching as high as 108 electron m−3 , but the ionosphere
as a whole is only a few hundred kilometers thick. By contrast the intersteller medium
has an electron density of order 10−2 electron m−3 , but the distances in the interstellar
medium are simply that much more vast. Another way of looking at the measurement
is the ionosphere only has a dispersion measure of 10−6 - 10−5 electron pc cm−3
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Figure 1.5: A model of a neutron star pulsar showing the off alignment of the
magnetic poles and the rotational axis, producing a spinning lighthouse effect as
the strong emission of the poles passes over distant objects such as the Earth.
This figure was adapted from Lyne (2006)

Often pulsar emission is linearly polarized. Again, it is unclear what attributes of
the pulsar determine the polarization of the emission, but some pulsars have very
polarized emission, with up to 90% of the emission being linearly polarized, while
others have no polarization to their emission at all. For the pulsars that do have
polarized emission, they pulses experience another effect of the interstellar medium,
Faraday Rotation. Faraday Rotation is an effect of magnetized plasma on a linearly
polarized signal passing through it parallel to the magnetic field line. A linearly
polarized wave can be separated into a sum of left hand circularly polarized and
right hand circularly polarized waves. As with the O-mode and X-mode above, the
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gyration of the plasma around the field lines has the tendency to impede the travel
of a wave that is anti polarized to the direction of travel of the ions. This results
in one of the circular polarization waves traveling at a different rate as the other
polarization, which rotates the angle of linear emission. As with the group velocity
delay of an unmagnetized plasma, this effect is dispersive, with lower frequencies
being more strongly affected. By comparing the amount of Faraday Rotation between
different frequencies, the Rotation Measure (RM) or frequency independent measure
of Faraday Rotation, can be derived. The formula for rotation measure is

e2
RM = 2 2 3
8π me 0 c

Z

d

ne (s)Bk (s)ds,

(1.59)

0

where RM has units of radians m−2 , with the amount of Faraday Rotation a
particular frequency would experience by multiplying by λ2 (Oberoi and Lonsdale,
2012). However, given a significantly large bandwidth, a rotation measure can be
derived directly from observations that have polarization data. In actual observations,
like those seen in Fig 1.6, the polarization angle changes drastically over the frequency
band, wrapping several times over the phase of the pulse. These wrappings are
quadratic, meaning they become more intense as the frequency decreases. In order to
measure the RM directly, a least squares parabola is fit to the polarization angle. In
order to be successful with this method, enough of the polarization must be available
that a parabola can be fit to it. If it appears linear over the band, then the RM
will have a great amount of error (Carilli and Taylor, 2002). An example of this
wrapping can be seen in Fig 1.6, which in Fig 1.6a shows the wrappings in the pulse,
a correction where various RM corrections were applied to the data in Fig 1.6b, and
the pulsar with the correction applied in Fig 1.6d and e.
Since RM can be determined from observation alone, this allows for the RM to
provide constraints on quantities the RM measures. If the electron density is known,
than the RM describes the strength of the magnetic field along the line of site. If
the magnetic field is known, than this allows for the integrated electron density to
be determined. From observations, it is clear that the interstellar medium has a
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magnetic field, on the order of 10−9 T. This means that pulsars have a rotation
measure often of the order 3-10 radians m−2 . The Earth also has a magnetic field
and plasma, which imparts Faraday Rotation to incoming pulsar pulses. Unlike
with dispersion measure though, the strength of the magnetic field combined with
the densities of the ionosphere also imparts Faraday Rotation on the order of 3-10
radians m−2 . This makes decoupling the primary cause of Faraday Rotation from
astronomical or terrestrial sources difficult. However, on the Earth, the magnetic field
is known to great precision, and models can be derived for the ionosphere, allowing
for the ionospheric effect to be corrected for. Much like with GPS, this correction
becomes useful data in its own right for ionospheric research, helping to determine
the distribution of electrons in the atmosphere.
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Figure 1.6: An example of Faraday Rotation in a pulsar, (a) and (b) show the
polarization of a pulse in stokes Q and U respectivly. The y axis is the frequency
of the pulsar and the x axis is the pulse phase or time series of a single pulse. (c)
shows a method for determining the Rotation Measure (RM) of the pulsar by
applying an RM correction predicted by that particular RM and then summing
across all frequencies. If that RM is correct, then the wrappings of frequency
should constructively interfer and greatly increase the amount of polarization
seen. A guassian curve is fitted to the test RMs to find the center peak of the
RM profile. (d) and (e) show the pulsar after the RM correction is applied.
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Lightning

Lightning is the result of the discharge of built up electric charge within clouds, either
between clouds or from cloud to ground. The charge build up occurs as the water
and ice circulate in the clouds, building up a separation of charge between the base
of the cloud and the top of the cloud. At some point, although current research has
not isolated why, the air breaks down into a conductive plasma channel between
either the charge separated clouds, or between the cloud and the ground, allowing
the charge to equalize in a spectacular flash.
The discharge of energized clouds is accompanied by an electromagnetic signal in
virtually all of the spectrum from very low frequency (VLF) radio waves to x-rays
(Makela et al., 2007). The source of radiation is different at different frequency
regimes. For the radio spectrum, both the break down of the air and the movement
of electric charge within the channel releases bursts of radio waves from kHz to GHz
in frequency. These radio bursts follow a negative power law, meaning they brighter
at lower frequency, but over small intervals in the HF and VFH bands the pulses
are relatively flat spectrum (Weidman et al., 1981). The way that the air breaks
down during a lightning flash is through what is known as the step leader process.
Beginning at the charged cloud a long thin section of air breaks down into a plasma,
which allows the charge, and hence voltage, to move to the end of the channel, which
then has the requisite potential to break down another section of air ahead of it. Each
channel is approximately 100 m long, a size which lends the events to being bright
in the HF and VHF regimes. The new channel is often not perfectly aligned with
the last channel, bending the arc of the lightning in a new direction. This is what
causes lightning to snake around the sky before connecting to a suitable grounding
site, either on the ground itself or to a differently charged cloud. Once grounded,
the charge within the initial cloud moves to equalize on the new surface, moving
stochastically, as the dynamically moving charge instigates different electromagnetic
fields within the cloud, and potentially causing more charge to be moved to the
plasma channel to equalize. Each time the air breaks down, and each time charge
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moves a significant distance within the cloud, a bright radio burst is released (Cooray
and Perez, 1994).
An observer recording the radio bursts would see a series of sharp, bright flashes
during a lightning event. Each lightning flash, or complete process of air break down
and charge equalization, may contain hundreds to thousands of radio bursts. The
term “flash” is contrasted with the term “strike”, which refers only to lightning that
travels from cloud to ground. We use the term event to be any single observable
phenomena within the lightning flash. Each radio burst lasts less than a microsecond
(Weidman et al., 1981), and often there is a seperation of 10s- 100s of microseconds
between bursts. Individual lightning radio bursts are polarized, but as a whole, each
flash is essentially unpolarized as the orientation of the plasma tube is sporadically
oriented. Since lightning is a natural phenomena, the time between events is highly
stochastic, and does not follow any predictable pattern. Most thunderstorms are
quite prolific, generating hundreds to thousands of flashes an hour (Rakov and Uman,
2003).
These radio bursts are released essentially isotropically, interacting with the media
surrounding it in all directions. Radio bursts that are below the plasma frequency
of the ionosphere reflect and are returned to the ground. For VLF waves, this may
be only several 10s of kilometers in altitude. These waves then return to the ground
which is reflective in this band as well, causing the signal to reflect back up to the
ionosphere. VLF waves can bounce dozens of times, traveling extreme distances in
what becomes a wave guide for these waves. Higher frequency waves will also reflect,
but at much greater heights. The ground tends to be less reflective for these waves,
allowing for potentially no ground reflections, but often limited to a few reflections, or
hops. Lightning occurs in the upper troposphere, typically at altitudes of 0 to 10 km.
This results in the initial downward signal from the lightning to quickly reflect off of
the ground and then travel upwards, behind the initial upward signal of the radio
bursts. This creates a pulse pair that is seen in reflected signals, where the distance
between pulse pairs is twice the altitude of the lightning strike. This is convenient for
determining the position of the lightning, by allowing for the altitude of the strike to

Chapter 1. Introduction

32

be known exactly.

1.4

The Long Wavelength Array

The Long Wavelength Array is a radio telescope located in central New Mexico.
It currently consists of two stations, although there are plans to add several new
stations. The first site, LWA Station 1 (LWA-1), is co-located with the Karl G. Jansky
Very Large Array at 34.06913◦ N, 107.62769◦ W. The second site, LWA-Sevilleta
(LWA-SV), sits on the eponymous Sevilleta Wildlife Refuge at 34.34907 N◦ 106.88628◦
W, approximately 75 km Northeast of LWA-1. Each station consists of 256 dualpolarization antennas and an outrigger antenna for calibration. The station has a
foot print approximately 100m by 110m, North South aligned to provide greater
angular resolution on important astronomic sources. The antenna are arranged in a
pseudorandom placement in order to create a circular primary beam pattern on the
sky. The station has a usable frequency range between 10-88 MHz for LWA-1 and 3-88
MHz for LWA-SV. This creates a primary beam pattern ranging from approximately
1.7 degrees at 88 MHz, to ∼15 degrees at 10 MHz, and ∼52 degrees at 3 MHz.
Each antenna has an active powered front end. One of the many design difference
between the LWA-1 and LWA-SV is the cabling for LWA-SV is direct burial cable
while the cables for LWA-1 are run through buried conduit. Both are buried deep
enough to ensure thermal stability, decreasing the difference between the daily and
seasonal temperature difference seen in New Mexico. The cables are sent to an
electronics shelter for digitization and preliminary processing. The signals are passed
through the analog receiver boards which provides filtering, and a notch filter for
the FM band. The FM radio bands provide the upper limit for the station, as the
signals are too powerful to reasonably filter after digitization, and without the notch
filters would saturate the instrument. The receiver boards provide a band pass that
on LWA-1 limits the lower frequency cutoff to 10 MHz. This was intentionally done
to cutout the narrow band HF signals in that range. However, as the science for the
instrument has expanded to include ionospheric research, LWA-SV doesn’t have such
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filters so it can be used down to 3 MHz. After the analog receiver boards, the paths
for the signals for each of the stations diverges.
LWA-1 has an entirely field programmable gate array (FPGA) based architecture
designed by NASA Jet Propulsion Laboratory (JPL) known simply as Digital Processing (DP). DP has several different modes that can be run commensally on the system.
The station has 4 independent, steerable beams, each with 2 independent tunings of
20 MHz each. Each beam is created by introducing time delay into each signal of the
antenna and summing the result. By precisely controlling the delay, the response of
the antennas constructively add at a single point at the sky and destructively add
elsewhere. This allows the station to record its entire band by using two beams on
a particular portion of the sky. Additionally, there are two all sky modes, where
the response from each antenna is recorded, allowing for correlation and imaging.
The first mode, Transient Buffer Narrowband (TBN), records 100 kHz of bandwidth
and can run continuously. The TBN signals are persistantly integrated to 5 seconds
and recorded in a mode known as LWA-TV, which provides a convenient log of the
telescopes observations. The second mode, Transient Buffer Widebad (TBW), records
only up to 61 ms of data, but for the entire bandwidth of the station. At 100 MHz of
recording bandwidth, the recording time for the data is several orders of magnitude
larger than the amount of time recording, resulting in a 61 ms recording to require
approximately 5 minutes to record to disk.
LWA-SV provides similar observing modes to LWA-1, but has a radically different
architecture. LWA-SV has an FPGA channelizer, which provides complex 25 kHz
channels to the Advanced Digital Processor (ADP). ADP then provides the recorded
modes of the instrument with a GPU based pipeline known as Bifrost ??. Bifrost
implements a fast C++ based ring buffer system that takes advantage of modern
memory architecture, and minimizes the number of transfers of data. The ring buffers
are then manipulated through a convenient Python interface, allowing ease of use in
a research environment. LWA-SV provides several similar modes to LWA-1, but with
some differences in abilities. LWA-SV can record 2 simultaneous, steerable beams
each with two independent tunings of 9.8 MHz each. This means LWA-SV cannot
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provide complete bandwidth recordings of the sky. Like its predecessor, LWA-SV has
a TBN mode, which here expands to 100 kHz and is also recorded to an LWA-TV
station. This provides commensal recordings of the entire sky at all times. Instead of
TBW, LWA-SV has a mode known as Transient Buffer Frequency Domain (TBF).
TBF is able to utilize the ring buffer frame work and record the current state of what
is in the ring buffers, which is about 5 seconds of data. This allows the station to
be triggered and provide data from the previous 5 seconds on demand. The system
still suffers from the orders of magnitude time difference of receiving the data and
recording it. The ratio of observation length to time to record to disk is approximately
120.
The LWA provides an excellent platform for observing the ionosphere. Its response
range is ideally suited to observer frequencies near the plasma frequency. The LWA’s
ability to image the sky and provide directional information, its high sensitivity, and
its large bandwidth coverage allow the instrument to observe the ionosphere in new
and different ways.

1.5

Thesis Outline

The ionosphere is an important and useful portion of the terrestrial atmosphere
that is worthy of observation and modeling. Traditionally, studying the ionosphere
involved using man made signals to probe how the ionosphere affects them as they
pass through or are reflected. However, there are often natural signals that can also be
used to probe the ionosphere without the need for extremely specialized or expensive
equipment, and that are available all the time for free. These signals are either freely
available and active continuously from half the Earth at any given time in the case of
pulsars, or extremely bright and powerful, and available most places on Earth for
at least some part of the year in the case of lightning. These signals allow for the
ionosphere to be characterized in new and unique ways, revealing a great depth of
information previously unavailable.
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Chapter 2 of this thesis contains a study of the use of pulsars to characterize models
for determining ionospheric contribution to astronomical measurements from the
topside ionosphere by using Faraday Rotation. Since Faraday Rotation is dependent on
the magnetic field which varies significantly from the surface of the Earth, estimations
of the topside ionosphere can be made by combining the observations of an ionosonde
with the Faraday Rotation data. We also comment on the current best model of the
topside ionosphere and its plausibility given new data.
Chapter 3 contains a development on the use of lightning as a signal source
to create bottom-side ionogram electron density profile information. This study
also shows how a phased receiver can be used to look at the location of ionogram
reflections, and how this might be useful in characterizing ionospheric phenomena
such as MSTIDs.
Chapter 4 of this thesis is a study of the feasibility of using lightning as a signal
source for CSR.
Chapter 5 of this study summarizes the studies here and presents future work
that each of these studies might have.
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Chapter 2
Ionosphere GPS and RM Modeling
The contents of this chapter were originally published as part of Malins et al. 2018,
Radio Science, 53, 724 738

Abstract: The ionosphere contributes time-varying Faraday Rotation (FR) to radio
signals passing through it. Correction for the effect of the ionosphere is important for
deriving magnetic field information from FR observations of polarized cosmic radio
sources, and providing valuable diagnostics of the structure of the ionosphere. In this
paper, we evaluate the accuracy of models commonly used to correct for its effects
using new observations of pulsars at low frequencies, which provide total rotation
measures (RM) at better precision than previously available. We evaluate models of
the ionosphere derived from modern digital ionosondes that provide electron density
information as a function of height, as well as GPS-derived Total Electron Content
(TEC) measurements. We combine these density models with reference global magnetic
field models to derive ionospheric RM contributions. We find that the models disagree
substantially with each other and seek corrections that may explain the differences
in RM prediction. Additionally we compare these models to global TEC models and
find that local high-cadence TEC measurements are superior to global models for
ionospheric RM correction.
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Introduction

The ionosphere is the layer of the Earth’s upper atmosphere in which particles
are charged due to ionization by short wavelength (ultraviolet, EUV, XUV and
X-ray) radiation from the Sun. As a magnetoactive plasma, the ionosphere has a
significant impact on incoming radio signal propagation from space, whether from
nearby satellites or distant cosmic sources. The effects of the ionosphere are typically
much more pronounced at longer wavelengths, and hence accurate modelling of
ionospheric effects is important for the new class of sensitive, long-wavelength radio
telescopes such as the Long Wavelength Array (LWA) (Taylor et al., 2012), the
Murchison Widefield Array (MWA) (Tingay et al., 2013) and the Low Frequency
Array (LoFAR) (van Haarlem et al., 2013). These telescopes are affected both by
electron density fluctuations in the ionosphere and by Faraday rotation, which can
be used to probe the ionosphere by measuring effects on observations of distant radio
sources.
Faraday Rotation (FR) is the rotation of the plane of linear polarization of
an electromagnetic wave as it passes through a magnetized plasma. The plane of
polarization rotates because the wave is the sum of components in the two natural
elliptically-polarized modes of the plasma. Degeneracy between the two natural
modes is broken in a magnetized plasma and results in slightly different phase
velocities. This difference produces a frequency-dependent rotation of the orientation
of linear polarization. The amount of rotation, φ, of a given linearly polarized wave
at wavelength λ is given by (e.g., Spitzer, 1978)

φ = RM λ2

(2.1)

where the quantity

e2
RM = 2
8π 0 m2e c3

Z

d

ne (s) Bk (s) , ds
0

(2.2)
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is referred to as the rotation measure (RM), or frequency-independent measure of FR.
Both ne , the density of electrons, and Bk , the line of sight component of magnetic field,
are functions of distance s along the line of sight. The wavelength-dependence of (2.2)
provides a straightforward means to determine RM: one measures the orientation of
the plane of linear polarization at each frequency across a sufficiently broad bandwidth
and fits a λ2 -dependence (Carilli and Taylor, 2002). Typical values for ionospheric
RM are of order radians m−2 . The integral is carried out over the entire line-of-sight
path to the radio source. For a cosmic source, this will include separate contributions
from the interstellar medium (ISM), the heliosphere (the solar wind and structures
within it) and the Earth’s ionosphere. Oberoi and Lonsdale (2012) discuss the relative
sizes of these contributions. ISM contributions to FR generally vary slowly, and thus
can readily be separated from variations due to structures in both the solar wind,
such as CMEs, and the ionosphere, that can vary on timescales of tens of minutes.
We can separate the heliospheric component by ensuring the pulsar is measured at a
large elongations, or angle from the sun.
In this paper we compare Long Wavelength Array Station 1 (LWA1) measurements
of the FR of pulsars to model predicted FR created through ionospheric measurements
combined with reference geomagnetic field information. LWA1 measurements are
taken of polarized pulsars and the RM of the signal is determined directly using
the RM fitting method described above. The LWA1 pulsar measurements are taken
independent of any model input, allowing the models to be directly compared to
actual ionospheric observations. Measurements of the pulsar are taken through the
period of sunrise, and with the pulsar a large angular distance from the Sun, ensuring
ionospheric changes should dominate FR variations. We compare these measurements
to ionospheric models obtained from both ionosondes and GPS measurement. A new
feature of this work is the use of digital ionosondes and GPS receivers co-located with
the LWA station in order to provide ionospheric information directly comparable to
the LWA1 observations. Since the strength of the geomagnetic field decreases with
height, we might expect that the lower region of the ionosphere is important for
determining ionospheric FR. Additionally, we use GPS measurements of the total
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electron column density of the ionosphere. We investigate several different models
and show that the use of local TEC measurements is superior to the use of current
global TEC models.
In order to compare the measurements of ionospheric FR with models, we need
to calculate (2.1) through the ionosphere: this requires producing profiles of electron
density and line-of-sight magnetic field with height along the line of sight to the pulsar
as it moves across the sky. We use the International Geomagnetic Reference Field 12
(IGRF12) (Thébault et al., 2015) along with the line of sight magnetic field component
of the LWA1 station to the pulsar to specify Bk for these models. We assume the
geomagnetic field does not vary significantly with time and can be regarded as stable
for our purposes. Electron density, however, varies greatly with time of day and with
solar activity, with substantial density changes typically occur over the course of tens
of minutes to hours. Since the electrons in the ionosphere are strongly coupled to the
neutral particles at the same height, they generally exhibit smooth vertical gradients
and fall into bands that are largely horizontal with characteristic horizontal gradients
of order the thickness of the ionosphere or greater. The ’F’ layer is the largest and
densest static layer in the ionosphere, existing from 150 km to above 500 km and
transitioning at its top to the plasmasphere. The F layer fluctuates in density and
peak height greatly throughout the day, with a peak during the afternoon that can
be as low as 200 km, while at night it can peak as high as 400 km. The F layer
typically has densities of order 104 electrons cm−3 but can reach as high as 105 during
peak solar activity (Stubbe and Hagfors, 1997). Since the F layer is the highest
deposition region of UV, it is the longest-lived and generally the least collisional
of the ionospheric layers. Being the thickest and most dense layer of electrons, it
generally has the largest impact on radio signals, especially for LWA observations
of pulsars. The F layer is generally treated as consisting of two components, the
lower F1 layer which only exists during the day, and the upper F2 layer which has
the highest electron density and lasts through the night. The critical parameters for
the F2 layer are the highest plasma frequency present, foF2 (9000 n0.5
e Hz with ne
measured in cm−3 ), and the height of the corresponding layer, hmF2 (usually quoted
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in km).

2.2
2.2.1

Observations
LWA1 Observations of Pulsar FR

This study uses the first station of the Long Wavelength Array (LWA1), co-located
with the Jansky Very Large Array, to measure the amount of FR of nearby polarized
pulsars. Pulsars are rapidly-rotating neutron stars left behind by the supernova
explosions of massive stars (e.g., Lattimer and Prakash, 2004). While the emission
mechanism of pulsars is not well understood, it is believed that the emission is
produced by relativistic charged particles trapped in the extremely strong magnetic
fields of the neutron star. Often the magnetic axis is tilted with respect to the
rotational axis, and occasionally the magnetic axis will point toward the Earth. Like
a lighthouse, the magnetic field axis will sweep across the Earth as the pulsar spins,
beaming a strong burst of radio emission at the Earth that produces the characteristic
pulsed emission. Depending on the pulsar, this emission is often highly linearly
polarized, providing valuable diagnostic sources for FR. Pulsar observations with
LWA1 are described by Stovall et al. (2015), and LWA1 pulsar FR measurements
are described by Howard et al. (2016). Since FR varies as λ2 , the large relative
bandwidth, over 2 full octaves, or doublings of frequency, covering 20-88 MHZ, of
LWA1 together with the large values of λ, 3-15 m, compared to LoFARs .125-.25 m
wavelength for high band, that LWA1 measures result in unprecedented accuracy in
measuring FR. This allows for an RM solution to be found with a limited amount
of observing time, in this case only ten minutes of data is necessary where other
instruments may need hours, and enabling us to track ionospheric effects. The effect
of the ionosphere is isolated in these observations by observing pulsars well away
from the Sun through sunrise, when changes in the ionospheric density profile due to
solar radiation deposition dominate the observed time variations of the pulsar FR.
We obtained rotation measurements of the pulsar B0950+08 using LWA-1, a low
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frequency radio interferometer with a frequency range from 10 to 88 MHz (Ellingson
et al., 2013, ?). The array consists of 256 dual polarization dipole antennas distributed
over a diameter of roughly 100m. Pulsar observations are made using a beam-forming
mode with a sampling rate of 19.8 MHz, resulting in a time resolution of 50 ns. LWA-1
pulsar observations are reduced using the LWA Software Library (Dowell et al., 2012)
and converted to a PSRCHIVE (Hotan et al., 2004) format file for use. Once in the
PSRCHIVE format, the RM of the pulsar is found using standard pulsar software
to unwind the frequency variation of the plane of linear polarization. Figure 2.1 has
an example of the output of testing for various RMs. Since each individual pulse is
not bright enough to have its polarization measured, pulses are integrated in time to
provide sufficient signal-to-noise in each polarization. B0950+08 is a bright pulsar
with 85-90% polarization in the LWA frequency band. The integration time needed
to robustly measure the RM of this pulsar is about 10 minutes, and the average RM
uncertainty for each 10 minute observation is approximately 0.03 rad/m2 .
The RM from the pulsar is caused by contributions from the material surrounding
the pulsar, the interstellar medium, the solar wind and the ionosphere. The high
degree of polarization of the radio emission indicates that the pulsar itself does not
contribute a large RM, although there is no method to determine what it would be at
this time. For the purpose of this study we assume it to be none. We further assume
that the interstellar medium is changing at very slow rates, varying by hundredths of a
rad/m2 per year. The Sun-pulsar angle for these observations was around 60 degrees,
i.e., the lines of sight do not pass close to the Sun, so the solar wind contribution
should be small and steady. We assume that at these distances from the sun the solar
wind does not change on the time scale of the observation and instead consider it a
part of the ISM constant off-set. Thus the majority of the variation in RM over the
course of the day should be due to the ionosphere, either from the density fluctuations
or by the variation in line-of-sight component of the Earth’s magnetic field.
The interstellar medium provides a constant offset in the RM measurements.
This absolute offset is generally not known for pulsars, although some attempts at
determining the absolute offsets have been made. The current accepted value for the
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offset of B0950+8 can be found in Johnston et al. (2005), with an absolute RM of
-.66 +/- 0.04 rad/m2 , meaning we would add .66 to all of our measurements in order
to correct for this intrinsic measure. We report on the absolute correction in this
paper, which is the inverse of the pulsars absolute RM. We found this value to not
correspond to our data, so to handle this issue, we allowed the RM offset to vary for
each observation, attempting to reach a best fit for each model. We then compared
the models and attempted to reconcile each model with the other by altering various
parameters in the model.
The data used here were taken on 2016/09/23, 2016/10/05, and 2016/10/14, with
each day consisting of multiple two-hour observations of B0950+08 separated by
15-minute buffer periods. Observations were taken in the morning beginning generally
an hour before sunrise and continuing through to early afternoon. This was done in
order to see the diurnal change in total electron content and the corresponding rise
in RM.
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Figure 2.1: (top) An example of FR seen in observations of the pulsar B0950+08.
Each pulse phase is averaged and then shown verse their frequency, with bright spots
representing bright signal. The diagonal banding seen in the center of the plots is
a result of FR. Each frequency has slightly different linear polarization due to FR
being frequency dependant (center) The program PSRCHIVE is used to test various
RMs and see how that affects the polarization, Stokes U + Q. Near the true RM, the
polarization spikes as frequencies constructively add. (Bottom) Applying this RM
correction unwinds the FR, creating a plot with none of the banding seen above.
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Ionograms

The density profile of bottom-side of the ionosphere (i.e., below the F2 peak) was
obtained using digisonde data. The Air Force Research Lab (AFRL) operates
a DPS-4D digisonde, supplied by Lowell Digisonde International (Reinisch et al.,
2008), transmitting from Kirtland Air Force Base (KAFB) on the southern edge of
Albuquerque, NM. Two digisonde receivers were used for this work, one co-located
with the transmitter, and another located at the LWA-Sevilleta site about 80 km
south of KAFB, providing redundancy in bottom-side profiles. Digisondes transmit a
coded signal in short pulses, sweeping through frequency. The signal travels to the
ionosphere where the ordinary-mode (“o mode”) polarization is reflected at the height
where the plasma frequency in the ionosphere matches the transmitted frequency.
The travel time of the return signal is measured, providing a height corresponding to
that density. The frequency is typically swept from 1 to about 15 MHz, depending on
the expected value of foF2. For this work digisonde sweeps were carried out every 3
minutes. The resulting frequency-height diagram is called an ionogram (McNamara,
1991): an example is shown in Figure 3.1. The o-mode trace is identified in the
ionogram and is then fitted to a model of the ionosphere, providing a complete bottomside density profile at a cadence high enough to track variations. The ionogram can
only provide the bottom-side density profile, since vertically-transmitted signals at
frequencies above the peak plasma frequency of the ionosphere pass through the
ionosphere and escape without providing any reflected signal back to the ground.
We compared the density profiles derived at the same times from the Sevilleta
and Kirtland receive stations and found them to be in excellent agreement, with
foF2 matching to better than 0.05 MHz and hmF2 matching to better than about 5
km. The reflection points for the two sites differ by about 40 km on the sky (half
the horizontal separation of the sites), and we do not see clear evidence for a delay
between the two sites at the 3-minute cadence of the measurements. We therefore
regard these measurements as adequate representations of the ionosphere above LWA1,
another 70 km away.
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Figure 2.2: An example ionogram from 2016 Oct 14, just after dawn at KAFB, a
digisonde. The horizontal axis represents frequency, which can be translated to a density
at which the signal reflects, and the vertical axis represents a psuedorange in km found
by halving the travel time and assuming a vacuum medium. The red points represent o
mode returns from the vertical direction, while the green points show x mode returns.
Both single (lower) and double (upper) bounce traces are visible. The single-bounce
signals are modified to account for the general group velocity delay all electromagnetic
waves encounter in a plasma. The black line represents the fitted ionospheric density
profile: solid portions of this line come from the measured o mode returns corrected
for group delays, while the dashed portions represent modelled sections of the profile,
including the Vary-Chap top-side mode above the F2 peak at 250 km.

The unmeasured top-side density profile with height is generated using models
developed from top-side ionograms obtained in the 1970s by NASA’s ISIS-2 satellite
(Bilitza, 2009). The top-side profile is represented by a modified α-Chapman function,
known as a Vary-Chap function (Reinisch et al., 2007). Using the peak height
and peak density of the F2 layer derived from the ionogram as input, the top-side
profile combines two functions, an F2 layer exponentially decaying with height with a
particular height scale that merges into a plasmasphere with a power-law decay above
it. This provides three degrees of freedom: the thickness scale of the F2 layer, the
exponent of the power law decay and the transition height between the two profiles.
All three variables have diurnal, seasonal and solar cycle dependencies, providing
large amounts of freedom in the top-side shape of the ionosphere (e.g., ?). A crude
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rule-of-thumb is that the top-side ionosphere contains about two-thirds of the TEC.
Digisonde measurements of the bottom-side density profile are available for the
data taken on 2016/10/14. The 3-minute cadence ionograms were hand-scaled (i.e.,
the fundamental o mode signals on the ionograms were manually traced, rather than
relying on the digisonde’s automatic tracing software; e.g., Fig. 3.1) and then fitted
to ionospheric profiles using the ARTIST 5 software package (Galkin et al., 2008),
which is a Vary-Chap profile similar to that found in ?. The output is the electron
density versus height in 2.5 km range increments. The bottom-side height profile
is determined by the range-versus-frequency measurements of the digisonde, and
the model top-side Vary-Chap profile is fitted onto the bottom-side profile by the
ARTIST software as described above. With density profiles every 3 minutes, we can
integrate (2), assuming that the ionosphere has a constant density profile over the
visible sky, tracing the path of the pulsar across the sky and taking into account the
changes in orientation with respect to the geomagnetic field.

2.2.3

GPS Measurements of TEC

GPS data can be used to measure the total electron content of the ionosphere by
comparing the arrival times of GPS signals at two different frequencies. This study
uses Novatel GSV 4004B dual-frequency receivers from the the Scintillation Network
Decision Aid (SCINDA) program, supplied by the Air Force Research Laboratory
(AFRL), to measure ionospheric TEC. This receiver is able to receive both the
L1 and L2 GPS frequencies at 1575.4 MHz and 1227.6 MHz, respectively. The
signals are transmitted with an embedded time code, which the receiver then decodes
to determine the travel time of the signal on each frequency. These signals are
converted to pseudoranges by multiplying the travel time by the speed of light in
a vacuum and are recorded as P1 and P2, for the L1 and L2 pseudorange. The
pseudorange differs from the true range by the group delay imposed on it by the
ionosphere. These measurements are recorded every 10 seconds by the GPS receiver
in Receiver Independent Exchange (RINEX) format, which is the standard format
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for GPS measurements. The difference in the pseudoranges can be converted to
total electron content using the formula T ECP = 9.5196 (P 1 − P 2) (HernandezPajares and Zornoza, 2008), where P1 and P2 are measured in meters and TEC
is reported in Total Electron Content Units (1 TECU = 1016 electrons/m2 ). Due
largely to multipath effects, signals from satellites low on the horizon are suppressed
using a hyperbolic tangent function centered at zenith angle 65 degrees. Multipath
refers to the reception of signals from the same satellite arriving from different
directions, with different delays, primarily due to reflections off nearby objects. In
addition to the pseudoranges, a delay can be found from the phase of the signals
themselves, by converting the phase of one signal to the other, and using the formula
TECφ = 1.812(L1 − L2 × 1.5745/1.22760). However, there is 2π ambiguity when
using only phases. The solution is to use the phase-referenced TEC measurement and
calibrate the signal to the pseudorange TEC measurement, which uses the formula
TEC= TECφ + TECP − TECφ

arc

, where the brackets indicate the average of the

TEC measurements over a phase-connected arc. This measurement represents the
TEC along the line of sight from the satellite to the receiver, and is known as the slant
TEC (sTEC). The noise level of this measurement is typically .1-.4 TECU, determined
by taking a 5 minute average in signal and computing the variance. This error is
recorded as satellite error in Figure 2.4. The measurement that we are interested in is
the vertical TEC (vTEC), which is a representation of what the TEC would be if the
satellite were at the zenith. To convert sTEC to vTEC, we follow the usual procedure
of collapsing all electrons to a single height of 350 km, known as the thin-shell model.
Using the law of sines, the vTEC of a given measurement is found using the technique
described in Sotomayor-Beltran et al. (2013).
Each measurement still contains an offset from the true TEC that is a combination of electronic delays in the individual GPS receivers and relativity corrections,
tropospheric effects and nonlinear ionospheric effects. As a result, there is a bias
associated with each satellite and each receiver. To solve for this bias we used a
method similar to the Kalman filtering technique discussed in Carrano et al. (2009).
We can exploit the fact that the biasses are essentially constant in space and time
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for each satellite-receiver pair, and that vTEC across the sky should be relatively
flat. This allows us to find each satellite bias as a constant correction applied to the
sTEC value, and the corresponding corrected vTEC tracks should match each other.
The error between the satellite and each other satellite is minimized over several arcs
over the course of 24 hours, since we expect any satellite errors to be systematically
random and not correlated with a particular point in time or space. The positions
of the GPS satellites are found using the package PyEphem (Rhodes, 2011) and the
Two Line Element (TLE) sets available through Space-Track.org. An example of
the output of both the biased measurements and the de-biased vTEC values can
be seen in Figure 2.3. Note that once the outputs are de-biased, they follow the
expected daily cycle of ionospheric density. In addition to modeling and de-baising
the satellites we also model and subtract away the plasmasphere using the method
used by Carrano et al. (2009). This model provides an empirically derived model of
plasmasphere data by Carrano et al. (2009) which uses sun spot number, day of the
year, and McIlwain L parameter to in order to model the the inner plasmasphere
as well as an empirical model of the plasma trough and outer plasmasphere. These
electrons represent the contribution from the total plasmasphere, which should be
discounted from FR calculations since this plasma is sufficently far from the magnetic
field to not impart any significant FR on the signal.
A model of vTEC across the sky is made from the series of de-biased TEC
measurements from each satellite. The model uses a linear weighting to estimate the
total electron content at each point on the sky from the vTEC of each visible satellite,
and the weighting based on the angular distance to the point from each satellite:

TEC =

X
i

µfa

TECi
di

1
µ= P f
a

(2.3)
(2.4)

i di

fa =

1
[1 − tanh (12 (φ − 65))]
2

(2.5)

where µ is the normalization factor to ensure the weighting equals unity. fa is
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Figure 2.3: (top) A plot of the vertical total electron content (vTEC) for each satellite
derived from the data in the bottom panel, after correction for elevation and the bias
of each satellite and receiver. All times are in UTC. (bottom) Slant TEC data from
GPS satellites visible at the LWA1 site over 24 hours on 2016/10/14, measured with
SCINDA receivers. These data also carry the satellite-receiver biasses.

a weighting function that down-weights satellites at elevations below 30 degrees,
and φ is the zenith angle of the satellite. di is the angular distance between the
calculated point and the i-th satellite, calculated using the Haversine formulas. At
low elevations GPS signals tend to have much stronger multipath effects, and their
TEC measurements quickly lose accuracy, so signals are down-weighted according
to equation (2.5). The vertical TEC map is then converted back into slant TEC.
The error is estimated for each satellite and then is combined in quadrature with a
jack-knife re-sampling to find the spatial error at each point. To find the jack-knife
error, each satellite is removed one at a time and the map recalculated. This provides
a range of values at each point from each satellite, and a standard deviation from
this is used as the spatial error. An example of a sky model can be seen in Figure 2.4,
with both the vTEC model and the sTEC model given for comparison. This model
is then used to predict the RM contribution of the ionosphere at a given location on
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Figure 2.4: The two plots are a map of the Total Electron Content (TEC) across the
sky as seen above LWA1 at 1500 UTC on 2016/10/14. The black triangles represent
the positions of the satellites. (top) Shows the model of the sky using only vertical
TEC. This is to show how the satellites are converted to vertical TEC to model the
points of the sky in between. (far left) A map showing the estimated TEC across the
sky. (center left) A map of the total error of the TEC measurement. (center right) A
map only showing the noise error of each satellite propogated onto each point in the
sky, essentially showing temporal error in the satellite. (far right) A map showing only
the jack-knife error for each point, displaying the estimated spacial error at each point
(bottom) Points are then converted back to slant TEC, which is a representation of the
density as seen by an observer such as a radio telescope, with the appropriate error
associated with each point.

the sky, discussed further in section 2.3.

2.3

Rotation Measure Predictions

We developed two models for predicting ionospheric contribution to RM. The first uses
the GPS total electron content model together with the International Geomagnetic
Reference Field 12 (IGRF-12). Essentially the entire column of electrons in the
ionosphere along the line of site is collapsed to a single point. Deriving the magnetic
field at this point from IGRF-12, we produce the expected RM contribution from the
ionosphere:

Chapter 2. Ionosphere GPS and RM Modeling

RM = 2.62 × 10−13 (T EC · BIP P )

51

(2.6)

where T EC is the ionospheric total electron content along the line of sight to the pulsar
and BIP P is the magnetic field at the ionospheric pierce point. This model assumes
that there is little structure between satellites, and a relatively even distribution of
electrons in the profile of the ionosphere. Essentially, by collapsing the electrons
to a layer of a single height we are altering the contributions of the electrons to
the RM. Electrons below the chosen height, where B is stronger than assumed, are
down-weighted while electrons above the height are effectively given higher weight.
This resulted in an intrinsic RM measurement for pulsar B0950+08 of 1.72 +/- 0.075.
Here we use the RMS residual difference between the LWA observations and the
model to estimate the error of the measurement.
The second method for determining the RM is to use to use the digisonde electron
density profile to determine the ionospheric contribution. The integration in (2) is
carried out with Bk calculated along the line of sight of the pulsar using IGRF-12.
This model requires that there is no horizontal structure in the ionosphere, since we
are using the same density profile at all locations. It also requires that the top-side
model is correct since the majority of the RM contribution is expected to be from
that region. The intrinsic RM measurement for this pulsar using this method is
estimated to be 2.04 +/- 0.091.
The results from these models can be found in Figure 2.5. Each model, shown
with dashed lines, is compared to the LWA1 RM measurements, shown in solid black
lines. The reduced χ2 was calculated for each model and the average residual RM
after subtracting the model from the measurements. The residual RM can be used
to indicate the accuracy of the model. If the residual RM were zero, then we could
say that the model effectively removes the ionosphere. A constant offset in the RM
was determined for each model, representing the unknown interstellar contribution to
the measured RM. This constant offset was found by fitting for the RM offset with
the lowest χ2 . With the χ2 values being small and the residual RM for each model
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Figure 2.5: Plots of data taken on Oct 14, 2016 of the predicted RM using the GPS
model (red dashed line) and the Digisonde model (purple dashed line). The black lines
represent the LWA1 RM observations with a constant offset determined by minimizing
the χ2 associated with the offset. Also shown is the χ2 between each model and the
LWA1 RM measurements, and the average residual RM after subtracting the model
from the measurements. The large difference in the RM offset can be attributed to
errors in the models.

being far less than the difference in RM offset, the error between the two must result
from an error in one or both of the models. The following sections will attempt to
reconcile the differences between the two models with respect to RM offset.

2.3.1

Correcting GPS Predictions

We began by making the assumption that the digisonde measurements were accurate
and that we need to find a way to correct the GPS model to match the RM offset
found from the digisonde model density profile. There are two methods to alter the
thin-shell GPS model to fit the offset provided by the digisonde model. The first
assumes that the GPS model over-predicts the number of electrons in the ionosphere
due to some unforseen delay. This would manifest as a delay between the signals and
would be invariant in space and time. This seems extremely unlikely, since this type
of delay would be identified in the bias correction used to create the TEC model. If
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Figure 2.6: Plot similar to Figure 2.5 with added plots with GPS model using 1000
km and 1400 km as the height of the thin shell. Note that the RM offset for the 1400
km shell is approximately the same as that of the digisonde model.

this delay varied in space and time, it would have to do so at exactly the rate each
satellite passes over our GPS receiver, and do so at a constant rate each day. This
seems extremely unlikely, so we dismiss this possibility.
The second option is that the height chosen for the thin shell is incorrect. The
height represents the median contribution height, such that the electrons below the
chosen height contribute exactly the same as those above. By raising the height, all
of the electrons contribute less to the overall RM. This also implies that the median
density (the point where equal numbers of electrons lie above and below the point)
is above this shell height, since the magnetic field up-weights electrons lower in the
atmosphere. If we do this, we find that the shell height would need to be 1400 km,
as seen in Figure 2.6, in order to produce a RM offset similar to that found by the
digisonde. This is implausible, since the F2 peak electron density is near 300 km
height.
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Correcting Digisonde Predictions

If on the other hand we assume that the GPS RM offset is correct, we find that the
digisonde under-predicts the RM contribution of the ionosphere. Since the electron
densities of the bottom side are directly measured, we will take these as being accurate.
The largest component of ionospheric RM is from the digisonde profile above the F2
layer, which is modelled but not measured, suggesting that a solution is to modify
the top-side profile to account for the difference in RM. By integrating the digisonde
electron density profile we find that the the TEC in the digisonde profile is always
well below the GPS measurements. We therefore infer that the ionogram profiles do
not account for a large fraction of the ionospheric TEC. Figure 2.7 compares the GPS
TEC data (red curve) with the TEC derived by integrating through the digisonde
profiles (blue curve) on 2016 Oct 14: the ionogram profiles underestimate the total
TEC by 50% during nighttime hours and about 30% during daylight. In order to
increase the amount of RM provided by the digisonde model, we need to increase the
number of electrons in the top-side model. We need the electron density to be below
the peak density, or we would see them in the ionogram provided by the digisonde,
and we need them to be close to the peak layer in order to contribute meaningfully
to the RM. It is desirable to maintain a Vary-Chap profile for the top side, since this
was based on observations. However, electron density profiles provided by incoherent
backscatter radars, such as Arecibo, suggest that the top of the F2 peak is smoother
than the Vary-Chap model implementation allows (Morton et al., 2009), indicating
that the F2 layer provided by the digisonde profiles is too narrow, and that there is
likely an extended region of electrons not accounted for in the peak F2 region by the
Vary-Chap profile.
In order to raise the RM of the digisonde profile, we attempted to increase the
number of electrons in the profile to that found in the GPS TEC measurements.
The model for the top-side profile can be found in ?, and it consists of a hyperbolic
tangent function to represent both the F-layer top side and a power law decay for
the transition to the plasmasphere. The top-side model uses two parameters derived
from the ionograms as inputs: the height at which the peak electron density occurs

Chapter 2. Ionosphere GPS and RM Modeling

55

Figure 2.7: The integrated electron density of the predicted profile from digisonde
measurement compared to the measured slant TEC from GPS data as it looks toward
the pulsar. This is much higher toward morning due to the low angle looking at
the pulsar. CLearly shown here are the significant difference in TEC comparing the
digisonde and the GPS

(hmF2), known as the scale height, and the peak electron density (NmF2, i.e., the
density corresponding to a plasma frequency of foF2). This leaves three parameters
not determined by the bottom-side profile: the thickness of the F-layer, the height
where the transition between the ionosphere and plasmasphere occurs, and the power
law decay exponent used to represent the plasmasphere. Each of these parameters
has a known possible range based on the time of year, time of day and magnetic
latitude of measurement. As such we only looked at values for the profiles that were
within the accepted ranges when altering the profile. We tried to determine a set of
parameters that gave density profiles that matched the TEC value measured by GPS.
This provides a two dimensional surface of acceptable values within the parameter
space. We can then find the RM each profile on the surface gives when combined
with the magnetic field information. The RM for all of the points on the surface vary
by only several thousandths of a rad/m2 . Since our only value measured was RM, we
took all of these values as possible solutions, and used the output RM measure for
our adjusted model. Often, a set of acceptable values within the physical parameter
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Figure 2.8: Representative electron density profiles incorporating changes to the top
side ionosphere template. (far left) Unmodified Vary-Chap profile provided by ARTIST
5. (center left) The parameters for the Vary-Chap profile are modified without an
extra layer to ensure that the integrated TEC is equal to the GPS TEC. This method
generally fails to produce physical parameters e.g. having an F-layer thickness that is
above the transition height between the F-layer and the plasmasphere. (center right)
a constant 100-km thick layer with density equal to the peak density is added above
the F2 peak, with the height of the upper edge of this layer then used as thebase of a
standard Vary-Chap profile. The Vary-Chap profile is solved for parameters that return
an integrated profile equal to the GPS TEC (far right) a layer with density equal to
the peak density is added above the F2 peak, with the thickness set to provide the
difference between the GPS calculated TEC and the integrated TEC from the original
ARTIST profile. The top of the layer becomes the input height to the Vary-Chap profile
and again is solved to ensure that the profile-integrated TEC is equal to the GPS TEC.

space defined in ? could not be found. This is taken as a failure of the models to
produce physical results and we do not consider these further in the analysis.
We examined three different approaches to increase the number of electrons in the
top-side model, demonstrated in Figure 2.8. The first technique fits the Vary-Chap
profile so that the digisonde-predicted TEC is forced to match the GPS-provided
TEC. However, a large portion of the data set was unable to produce a valid set
of parameters. In general, solutions would return values that had extremely low
power-law exponentials, an extremely high transition height and an extremely large
F layer.
In order to find a model that produced acceptable parameters a layer of electrons
was added just above and equal to the peak density layer. This represents a layer of
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Figure 2.9: Thin-shell GPS model compared to the digisonde model corrected in two
ways. The first model correction is the fixed thickness, where a 100 km layer of peak
height thickness was added just above the F-layer, and scaled thickness profile, where
a layer of peak height thickness was added equal to the difference in TEC between
the GPS model and the integrated digisonde model. The χ2 and residual RMs are all
comparable to each other, indicating that the models are within good agreement.

electrons that top and bottom side sounders may not be able to see since they are
very close to the peak height. The first model adds a 100 km-thick layer just above
the ionogram-predicted peak height hmF2, filled with the density corresponding to
NmF2. Above this layer a Vary-Chap top-side profile is added using the top of the
100-km layer as the peak F2 height, and the total predicted TEC of the profile is set
equal to that provided by GPS measurements. This technique provided parameters
for the Vary-Chap top-side profile that were closer to values discussed as typical in ?,
and therefore the profile could work as a model for the ionosphere.
The third technique used the difference between the ionogram-derived TEC and
the GPS-measured TEC to modify the thickness of the peak height layer. Again,
above the added region of electrons a Vary-Chap profile was provided using the
height of the top of the layer and the GPS TEC as inputs. Again, this approach
provided Vary-Chap parameters much closer to those described in the Nsumei models,
suggesting that it may be acceptable and physical.
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While the first model was unable to find acceptable parameters for most of the
measurements throughout the day, the results of the modifications from the second
and third models can be seen in Figure 2.9. These models produce RM values that
are very close to one another, with the offsets attributed to the ISM being nearly
identical. Essentially, by adding this extra layer of electrons into the model, we are
forcing a thin shell to exist in the ionosphere. This becomes even more apparent
when we examine the RM contribution as a function of height seen in Figure 2.10.
The top plot shows the dot product of the magnetic field with the line of sight to
the pulsar as a function of height and time. This function is then combined with the
electron density distribution and integrated to produce the model RM. The middle
plot shows the RM contribution for the constant thickness model as a function of
height and The bottom plot shows variable thickness model. In both RM contribution
plots, the (constant) 350 km thin-shell height is plotted as a solid black line while
the digisonde-inferred hmF2 height is plotted as a thin blue line. This illustrates
that essentially a shell of electrons is created by this model just under the 350 km
thin-shell height.
There is currently at this time not enough data in the mid magnetic latitudes
for determining whether the added layers of near peak density are physical or not.
Obviously a real electron density profile will be a smooth function without any
constant section, but these models provide a good approximation of plausible models. Comparing these model electron density profiles with electron density profiles
derived from Arecibo incoherent-backscatter radar data (Eccles et al., 2011), it is
not implausible that this type of electron density would exist. Combining this with
the good agreement between GPS and digisonde measurements for RM correction
suggests that this is the more plausible solution for reconciling disagreement between
the two models, rather than altering the GPS thin-shell height.
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Figure 2.10: (top) Magnetic field component along the line of sight from LWA-1 to the
pulsar B0950+08 as a function of height and time on 2016/10/14. All times are in UTC.
The observation begins with the pulsar at an elevation of 10 degrees and looking almost
due east. The pulsar reaches a peak elevation of 63 degrees looking directly south at
15:30 UTC. The magnetic field data are taken from the International Geomagnetic
Reference Field 12. (middle) The RM contribution as a function of height and time in
the model in which a constant-thickness layer of density equal to the F2-peak density
is added at the F2 peak in the ionogram profile, where the thickness is set so that
the profile matches the GPS-derived TEC. Blank spots are times in which there was
no Vary-Chap profile was able to fit all of the parameters. (bottom) As above, a RM
contribution by height, but with a profile generated by adding a layer of peak electron
density with width sufficient to make up the difference between the GPS-measured
TEC and the TEC derived by integrating the ionogram model profile. Again, blank
spots represent times where no Vary-Chap profile was available to fit the given input.
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Comparison with global TEC models

Interpolation within global GPS TEC models is commonly used to determine TEC
at a given location and time. In Figure 2.11 we compare the thin-shell results
using GPS TEC measurements at the observatory with three standard global TEC
models derived by assimilating GPS TEC measurements onto a global grid and then
interpolating to the location of LWA1. The three models are the Jet Propulsion
Laboratory (JPL) model, the Polytechnical University of Catalonia (UPC) rapid 15
minute solution, and the Center for Orbit Determination in Europe (CODE) model.
The JPL model [https://iono.jpl.nasa.gov/] assumes a 3-shell ionosphere with slabs
centered at heights of 250, 450 and 800 km, and updates every 15 minutes using ∼
200 GPS stations on a grid with a spatial resolution of order 5 degrees, however these
15 minute solutions are compressed into 1 hour solutions when transmitted. The UPC
model [http://www.gage.upc.edu/drupal6/forum/global-ionospheric-maps-ionex] uses
a similar array of GPSs, but provides a 15 minute interval of solutions, but with larger
errors. The CODE model [http://aiuws.unibe.ch/ionosphere/] employs a sphericalharmonic expansion with 2-hour cadence. TEC values were linearly interpolated
between grid points and in time for all three models. We plot the results for all
three dates on which pulsar measurements of ionospheric FR were made, and in
all cases the thin-shell model using TEC data from the observatory out-performs
the JPL, CODE, and UPC profiles. There are likely two reasons for the superior
perfromance of the local TEC measurements: the time cadence of solutions is much
higher, providing detailed data every 10 seconds rather than 15 minutes to 2 hours
depending on global model; and by co-locating with the instrument, the lines of
sight from satellite to receiver are virtually identical to that seen by the telescope,
providing a more accurate picture of the ionosphere.
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Figure 2.11: RMs of the pulsar B0950+08 as a function of time (marked with the
dotted line in black and plotted with error bars) seen from the LWA station 1 site on
2016/09/23, 2016/10/05, and 2016/10/14. The observations begin before sunrise and
continue until just after local noon. The data are compared with three different models:
the GPS measurement prediction and model (marked in green), NASA JPL IONEX
global sky model (Blue), CODE IONEX global sky model (Red) and the gAGE UPC
15 minute rapid solution model (Purple).
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Conclusion

We have used measurements of FR in the linearly-polarized signal from a radio
pulsar starting before sunrise and continuing well into daylight in order to determine
the ionospheric contribution to FR. We compare these measurements with several
ionospheric models and compare the accuracy of these models to that of the pulsar
measurements. The new feature of this study is the use of a digisonde to measure
the bottom-side density profile of the ionosphere with 3-minute cadence during the
pulsar observations as well as TEC measurements using a GPS receiver located at
the observatory.
We find that the standard ionospheric electron density profiles resulting from
fitting the ionograms cannot reproduce the RM measurements, and have investigated
ways to account for the differences between the models and the measured RM. Based
on the fact that the GPS TEC data and the bottom-side ionospheric density profiles
are both direct measurements, we conclude that the top-side density profile modelled
by ARTIST 5 from the bottom-side parameters is incorrect. We therefore investigate
modifications of the top-side profile that are physically plausible and match the TEC
and RM measurements. Two methods are tried and found to be largely successful.
Both methods involve adding the missing density at heights close to the F2 peak.
These are then essentially thin-shell models, and we also find that the standard
thin-shell model, in which the entire TEC is placed in a thin layer at 350 km altitude,
can reproduce the ionospheric contribution to the RM at a similar level, of order 0.06
rad m−2 . The advantage of the standard thin-shell model is that only GPS TEC
measurements are required, and is computationally less expensive for determining
the RM.
Additionally, we show that these measurements are best made locally at the
observatory, and that standard global TEC models are much less successful at
reproducing the measured data. We also show that the gradients of both observed
and predicted RMs change at a rate of approximately 1 rad/m2 /hr, confirming that
observations should be performed at intervals of at maximum 1.8 minutes in order to
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achieve a better than 0.03 rad/m2 error, which is available through the GPS on site
measurements, but not available through the global models.
We find that the intrinsic RM of the Pulsar B0950+08 to be 1.72 +/- 0.075
rad/m2 based on the 3 days of observation from this study. This is in tension with
the previous value of -0.66 +/- 0.04 rad/m2 from Johnston et al. (2005). We believe
the authors failed to properly account for ionospheric variations in their study, which
we have shown to be quite significant.
Our conclusions are significant for measurements of the magnetic field in the solar
wind and in coronal mass ejections using FR, where it is essential to remove the
time-varying ionospheric contribution accurately.
With pulsar measurement accuracy of 0.03 rad/m2 , the primary source of error
in pulsar measurements remains in the ionosphere. We continue to push for new
developments and new methods for describing the ionosphere to bring these levels
below that of the pulsar measurement.
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Chapter 3
Mapping Ionospheric Reflections
of Lightning
The contents of this chapter has been accepted by Radio Science and is in press at the
time of writing

Abstract: The powerful HF/VHF radio emissions that occur during lightning
flashes can be used as a signal of opportunity to study the bottom side ionosphere.
The lightning emission is bright, broad spectrum, and short in duration, providing an
ideal signal of opportunity for making ionograms. This study continues previous work
in (Obenberger et al., 2018), where the direct line of sight signal from lightning can be
cross correlated with MHz frequency radio telescope observations to reveal ionogram
traces created from the reflected lightning signals. This process was further developed
to automate production of ionograms made from individual lightning flashes over the
course of several hours, as well as create new techniques to detect the lightning signal
using the all sky imaging mode. By using the Long Wavelength Array Sevilleta radio
telescope as an interferometer, the point of reflection of the lightning signal for each
frequency of the ionogram can be located in the ionosphere, instantaneously revealing
density gradients within the ionosphere on minute time scales. We also explore the
minimum size stations required for the application of this technique, which we found
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to be at least 32 antennas..

3.1

Introduction

This paper looks to expand upon the work of Obenberger et al. (2018). The first
method in which we accomplish this is by automating the lightning capture process
and examining large numbers of lightning produced ionograms, developing metrics
for how frequently ionograms can be produced using this method and the average
parameters of the ionograms produced using this technique. The second part of
this paper looks at using the interferometer features of the Long Wavelength Array
(LWA), isolating angle of arrival information of the lightning produced ionograms in
order to extrapolate details of the ionosphere from the lightning produced ionograms.
This involved developing new observing modes for the LWA, including a method of
triggering the station to capture data contingent on the incoming lightning signal.
Finally. using the data found with the triggered lightning, parameters required for a
receive station to observe lightning-produced ionograms, built similar to the LWA, are
identified and discussed in detail. This design study results in the minimum number
of receiving elements necessary to reliably produce an ionogram from lightning signals,
which we found to be approximately 32 antennas.

3.2

Background

The ionosphere is a region of charged particles that exists at the upper reaches of the
Earth’s atmosphere. It is created primarily through photo-ionization of the tenuous
atmosphere by energetic UV and X-rays from the Sun. Due to the upper regions of the
atmosphere shielding lower regions from radiation flux, and increased recombination
rates caused by increasing atmospheric density, the ionospheric electron density is
essentially zero at the surface and rises to a peak approximately 300-500 km above
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the surface of the Earth. The lowest region of the ionosphere is known as the D
region which exists between 60-90 km, and typically is only found during the day,
with recombination dissipating the region at night. The E region is a tightly confined
region of the ionosphere above the D region that exists intermittently between 90-120
km. The largest region, both in thickness of the layer and in peak electron density is
the F layer. The peak of the F layer occurs at densities between 105 to 106 e/cm3
which can occur anywhere between 200 km and 500 km above the surface. The
variability of the density and location of the peak is a result of many cyclical changes
including day/night variations, seasonal variations, latitude dependence and changes
in output of the Sun across its 11 year cycle.
The ionosphere is a highly dynamic environment with many waves and other
structures seen in it. Of importance at the mid latitudes are travelling ionospheric
disturbances or TIDs Francis (1974), which are a type of gravity wave found in the
ionosphere. These waves are have typical wavelengths of 100s of kilometers and
travel at speeds of 100 - 300 m/s through the atmosphere. TIDs are typically broken
down into two categories, medium scale TIDs (MSTIDs) which have phase speeds
between 50-300 m/s and periods between 10 and 50 minutes, and large scale TIDs
(LSTIDs) which have phase speeds between than 300 and 1000 m/s and periods
greater than 30 minutes. MSTIDs appear to have many causes, including being
produced from orographic lift (rising air masses caused by wind travelling over large
mountainous terrain) and produced from large storm clouds. These waves couple
into the ionosphere from the neutral air through the interaction between neutrals
and the ion species found in the ionosphere. MSTIDs have also been found to be
produced from electrodynamic instabilities associated with spread F in the low and
mid latitude ionosphere Crowley and Rodrigues (2012) LSTIDs have been found to be
produced from the auroral electro-jet during solar activity. The techniques presented
here will be able to image the period and structure of the waves, such as MSTIDs
that pass over head as well as their evolution in time.
The electron density of the bottom side ionosphere, meaning below the peak
density layer, can be measured through use of an ionospheric sounder, or ionosonde.
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Plasmas exhibit a fundamental frequency known as the electron plasma frequency.
This is created through oscillations of the electrons around the ions and is proportional
√
to n where n is the electron density per unit volume. An ionosonde transmits a
sweeping signal from low to high frequency and then receives the signal after each
frequency reaches the corresponding plasma frequency reflected off of the ionosphere.
By calculating the time of flight from transmission to reception, the electron density
height profile for heights below the peak plasma frequency can be calculated. Plasmas
also affect radio signals above the plasma frequency by imposing a group velocity
delay on the signal. As such, the reflected signals must be corrected to include
the appropriate group delay at each frequency. One such tool to do this is NHPC,
a program developed and maintained by The University of Massachusetts, Lowell
Space Science Lab Huang and Reinisch (1996). NHPC refers to an electron density
(N) profile (H) produced on a personal computer (PC). This program recursively
calculates the group velocity delay by using the input of the lower levels to determine
the time of flight correction necessary. The program then automatically fits a model
ionosphere derived from the International Reference Ionosphere Bilitza and Reinisch
(2008), providing a model electron density at any height up to 2000 km. An example
ionogram, the output of an ionosonde, can be seen in figure 3.1. This ionogram was
taken at the Austin, TX, Ionosonde. Note the pink data points represent o-mode
pseudoranges, or radio waves with left hand circular polarization and thus behaving
like a normal electromagnetic wave in an unmagnetized plasma. The green returns
represent x-mode returns, or right hand circularly polarized waves that propagate
circularly in the opposite direction that an electron would in the Earth’s magnetic
field, which has the effect of reflecting these waves at higher frequencies for a given
altitude. The black line represents the model true electron density profile.
While a traditional ionosonde typically uses a strong radar-like ground transmitter
and several dual polarization ground receive stations, any signal that is bright enough
in the HF band below the plasma frequency of the ionosphere combined with a
sensitive enough receiver can in principle create an ionogram. One such transmitter
is lightning, which creates extremely bright, broad band transmission in the HF radio
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band, 3 MHz to 30 MHz, during the air ionization breakdown process and during the
return stroke of voltage discharge at the end of the lightning process. Lightning is an
ideal transmitter, having a smooth spectrum from 3 MHz to 3 GHz Makela et al. (2007)
?. A technique for producing an ionogram using lightning was demonstrated in 2018
(Obenberger et al., 2018). This technique involves cross-correlating the amplitude
signal from the direct line of sight transmission of the lightning, which comes in near
the horizon, to the signal as it reflects off the ionosphere, which appears near zenith.
The benefits of using lightning is that as a natural phenomena, it does not require
construction of large transmission towers or permitting of radio frequencies. The
downsides to using this technique with a natural phenomena, it is neither controlled
nor predictable. Additionally, because all frequencies are transmitted simultaneously,
there is no ability to measure Doppler shift of the ionosphere like a traditional
ionosonde. An example of ionograms made using this process can be found in Figure
3.2, which shows the o-mode reflection of several correlated events over a 200 ms
long capture. This technique is similar in nature to previous work using very low
frequency (VLF) radio signals, or 1-160 kHz frequency signals, to probe the D region
ionosphere Lay et al. (2014) McCormick et al. (2018)

3.3

LWA-SV Observations

This study uses the Sevilleta station of the Long Wavelength Array (LWA-SV,
(Cranmer et al., 2017, Taylor et al., 2012)), located in the Sevilleta Wildlife Refuge
in central New Mexico, 34.35N 106.89W. Designed as a radio telescope for exploring
the lowest frequency radio astronomical phenomena accessible from ground based
instruments, this instrument has proven useful for exploring the ionosphere as well.
This is the second station of the LWA, and differs from the first station by having
an expanded lower frequency limit, allowing reasonable sensitivity down to 3 MHz.
The station consists of 256 dipole antennas arranged in a 110 by 100m North South
oriented elongated ellipse. The interferometer has a usable frequency range of 3-88
MHz, with the most important to these observations being at the lower end of the
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Figure 3.1: An example ionogram courtesy of University of Massachusetts, Lowell’s
Lowell Digisonde International division. This ionogram was taken at 02:05:05 UTC
in Austin Texas or Jul 27, 2018. Due to plasma frequency oscillations, the reflective
frequency of the ionosphere is directly proportional to the square root of the density.
An ionogram is a series of radio reflections captured from narrow band pulses where
the time of flight can be used to calculate the pseudoheight of the ionosphere at that
density, represented here by pink and green marks, pink for o-mode and green of x-mode
transmission. The lower set of reflections represent the first hop, or travel from the
transmitter off of the ionosphere to the receiver, the higher set of reflections are from
the second hop, or travel from the transmitter, to the ionosphere, reflected off the
ground to the ionosphere and finally to the receiver. The The Y axis represents height
in km and the x axis is frequency in MHz. These pseudoranges can then be used to
calculate the true density height seen here as a solid black line. The solid black line
can be extended through ionospheric models, which is represented by the dashed line.

spectrum below the plasma frequency ( < 25 MHz, and typically much less - 10-15
MHz).
LWA-SV has several data capture modes that provide a trade off between bandwidth, duty cycle, and direction information. The first technique used to create
lightning ionograms was developed in (Obenberger et al., 2018), and is a beam-formed
aperture synthesis mode. It provides two tunings of 9.8 MHz of bandwidth of continuous operation that is able to observe any area of the sky within the beam. It does
this by applying a phase delay to the incoming signal for each dipole, allowing the
beam to be “steered” to any particular point within the sky, and the resulting signals
summed together. The downside to this mode of operation is that the true direction
of any flash is indiscernible, only that it happened at some location within the beam.
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Flash Number: 204
Time: 23:35:56 UTC

Bifurcation

Figure 3.2: An example of the return signal made from a lightning flash using the
technique described in (Obenberger et al., 2018). The signal is made from using the
beam-formed operation mode to exclusively look at the signals returned from zenith and
cross correlated with the direct line of sight signal from a nearby lightning flash. If a
distance to the lightning flash can be established, then the time delays can be converted
to a pseudoheight, which in turn can be converted to a true electron density profile
exactly like a traditional ionosonde. Note the appearance of a second return signal
which is caused by the signal bouncing off of the ionosphere, then backscattered off the
ground, then off of the ionosphere again and then finally received by the LWA. As well
we observe a bifurcation of the signal, especially between 4 and 5 MHz, which indicates
the lightning occurred above the ground with the bottom signal being lightning to
ionosphere to LWA directly, and the top being lightning to ground to ionosphere to
LWA. We estimate that the lightning occurred at approximately 6 km off the ground,
which is consistent with observed lightning flashes.

The full-width half max (FWHM) of the beam for the LWA-SV station ranges from
approximately 60 degrees at 3MHz, to 17.5 degrees at 10 MHz. The output of this
mode is a single voltage time series with full polarization information. This mode
was used to observe reflected lightning emission. A beam was pointed at zenith with
one tuning ranging from 3.1-12.9 MHz (the HF band) and the other set higher to
73.1-82.9 MHz (the VHF band). The direct line of sight emission from the lightning,
due to it being so bright, would enter the instrument through the side-lobes that are
15-60 dB less sensitive than the beam center. The VHF band was chosen to be far
away from the peak plasma frequency of the ionosphere, ensuring only the direct line
of sight signal would be in it. This signal in the upper band was then cross correlated
with the HF signal, which contains reflection information. This allows a large number
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of lightning radio bursts to be correlated together, significantly increasing their signal
to noise.
The second mode used in this experiment is the frequency domain all sky imaging
mode. In this mode, a small chunk of data from each dipole is read out which can
then be used to do interferometry on the whole sky. In this mode, two tunings of 10.8
MHz each are stored in a 5 second ring buffer, implemented by the Bifrost framework
Cranmer et al. (2017). Unfortunately, the data rate, approximately 11 GB s−1 , is too
large to be read out and written into the ring buffer at the same time, with writing
out the data taking significantly more time. This results in a read in/write out ratio
of about 60:1, meaning a 1 second capture of the combined 21.6 MHz on each dipole
takes approximately 1 minute to read out. Because the data rates are so high, we
must be selective in what data is recorded. An ideal capture would include all of the
radio bursts from only a single lightning flash with a small buffer of quiet time before
and after the flash for noise statistics. This was achieved by setting the tunings to be
the same as the beam formed mode above, one centered at 9 MHz and one centered
at 74 MHz, and sampling three of the dipoles looking for 15 dB signals on the higher
tuning. If all three dipoles show a signal at the proper threshold at the same time,
250 ms of data beginning 10 ms before the signal is detected are read out and saved
to disk. In general this provides only data from a single lightning flash, with a similar
quality to those found in the beam formed data. This data are read out in 432 25kHz
channels with a time resolution of 40 µs. The advantage of this mode lies in the
ability to identify the angle and direction of arrival information of the reflected signal,
pinpointing in the ionosphere where the signal was reflected.
This can be done through traditional imaging, in which all of the inputs are cross
correlated and then Fourier transformed to create an image Condon and Ransom
(2018). Since each antenna is exposed to the entire sky, this results in the entire sky
being imaged from the data. Additionally, since we are interested in the fastest time
scales, we would need to produce an image for each frequency channel at the native
time resolution for each polarization. This results in 6,250 time steps for 432 channels
each with 4 polarizations, or 10.8 million images. However, this quickly becomes an
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unreasonable amount of data to process. Instead, the data can be processed using a
post acquisition beam former, which generates a single time series of dual polarization
data identical to the beamformed data above at an arbitrary point on the sky. This
allows for the cross correlation technique developed in (Obenberger et al., 2018) to
be used, and is functionally the same as imaging the data using traditional Fourier
imaging, allowing for examining smaller sections of the sky at any one time.

3.4

Beam Formed Automation

The initial period of research involved improving on the work of (Obenberger et al.,
2018) by automating the process of identifying individual lightning flashes, or groups
of radio bursts all from the same location, and turning them into usable ionograms.
An algorithm, based on the process described in Obenberger was developed to
automatically find lightning flashes and produce an ionogram from them. This was
accomplished by grouping all signals above a 15 dB threshold into sections of data that
were no more than 50ms away from any other signal above the threshold. Lightning
radio emission appears as very short, very bright signals, typically with each flash
lasting approximately a microsecond and signal to noise ratios ranging from 10 to 50
dB above the background noise. This clustered the data into groups approximately
150-300ms long each of which contained numerous 15+ dB signals. The number of
15+ dB signals in a particular group was labeled the ”flash number” of the flash, and
represents the number of radio bursts from a single flash bright enough to be seen by
the telescope. There is a significant likelihood that some of the 15+ dB signals were
radio frequency interference (RFI), man made signals that happened to be bright
enough to be captured in the data, or simply another source of noise. This led to
establishing the minimum number of signals necessary to positively identify a lightning
flash, which we set at 25. This step ensures that there is enough useful information
to generate an ionogram. Once grouped, an ionogram was generated from just that
portion of the observation. In practice groups of radio bursts that appear to represent
a single lightning flash had flash numbers ranging from 50 to over 1200. Individual
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lightning flashes tended to be several seconds apart, but could be as close as several
hundred milliseconds during more active parts of the storm. This generated over a
thousand flashes per hour when observing during active lightning storms. Figure
3.3 shows several example auto generated ionograms. The four ionograms here were
taken on 7 Sept, 2017, between 22:40 and 23:40 UTC. These flashes are four examples
of the 1171 flashes found in this data set. Note the rapid change in features over very
short amounts of time, less than a minute, which is likely a result of different lightning
flash locations illuminating different portions of the ionosphere. Unfortunately, this
method of capturing ionograms cannot be used to accurately identify the lighting
flash locations as the beam formed mode does, which currently precludes using these
ionograms to build a three dimensional model of the ionosphere. Also, note that
not all automatically captured lightning ionograms were useful. Common problems
included range smearing, which often occurred from flashes that had a very high
flash number. This is likely the result of lightning spreading over a large geographic
distance, thus giving multiple return times. This may also have been created through
capturing several overlapping flashes, thus combining the range information between
them. Overall, we have found that approximately ∼80% of the generated ionograms
had similar noise and resolution to traditional ionograms. Of those that were not
usable, ∼10% had significant artifacts but could be cleaned manually to be useful,
and about ∼10% entirely unusable.
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Figure 3.3: Four ionograms generated through our automatic lightning finding algorithm, which automatically grouped proximate radio bursts from lightning into a single
flash, and then conducted the appropriate correlation with high band data to create an
ionogram. These ionograms were from a series of observations taken on 7 Sep, 2017,
with the times of the captures located in the top left corner of each ionogram. The
flash number here refers to the number of 15+ dB radio bursts within the lightning
flash. Note how in general higher flash number does not mean better ionogram. The
high flash number of figure (a), top left, is likely due to several large lightning flashes
overlapping in time, making the correlation of flashes produce the extreme number of
artifacts in in image. Figure (b), top right, likely suffers from range smearing, where the
lightning flash spreads of a range of transmission points, smearing the correlated signal.
Also see that the ionograms in Figures (c) and (d), bottom left and right respectively,
have a different trace, notably in (d) the higher frequencies are at a slightly higher
altitude, and a ground hop only in (d) despite being only 34 seconds apart in time. This
is likely caused by the different location of the flash, meaning the lightning is reflection
off of different portions of the ionosphere. Additionally, ground conditions, such as
higher conductivity due to wet ground or different soil materials, may contribute to the
presence of a ground hop in Figure (d).

3.5

All Sky Capture

The data analyzed in this section of the paper was taken from a lightning storm on
2018 July 27 from 2:15:45 to 4:03:26 UTC, which is 19:15:45 to 21:03:26 local time.
This storm passed essentially directly over the station, creating flashes that were
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easily detected in the data. This lead to an ancillary problem of having radio bursts
that were too strong, saturating the signal and destroying the phase information of
the signal. This made it impossible to conduct correlations between the data with
a large portion of the flashes. Despite that, enough of the flashes had low enough
saturation to be analyzed. Interestingly, the balance between when the signal was
strong enough to trigger the system, but not saturate the system, was with a flash
elevation at approximately 11-12 degrees when viewed from the station. This likely
speaks to the characteristics of the lightning flash as well as the geometry of the
lightning with respect to the station, but further investigation will be needed to
explore these parameters.
Initially the VHF data was imaged using traditional imaging techniques to identify
the direction of the lightning as well as to examine any characteristics of the lightning,
such as extended emission, or emission over such a large spatial scale that it can be
seen with the resolution of the instrument. Additionally, an approximate range can
be derived from the directional information if a lightning height is assumed. When
combined with an ionogram that exhibits a double trace, such as those found in figure
3.3, the height of the lightning can essentially be derived directly, thus narrowing the
lightning location to within a few kilometers. For example, the lightning found in
Figure 3.3(c) has a separation of 40 µs, which translates to 12 km at the speed of light
round trip or 6 km in height. A 6 km lightning flash that is seen at above 12 degrees
in elevation is approximately 29 km away, allowing us to assume a flat topography
when determining the lighting location. This is true for all flashes captured. The
lightning is by far the brightest source in both the HF and the VHF data, completely
washing out any reflection data within the image. In order to see if there was any
reflection, the post acquisition beam former was employed to reproduce the output of
the beam formed mode. This was taken entirely though the process including cross
correlating the VHF data with the HF channels in order to reproduce ionograms.
This worked, showing that reflections were present in the data.
In order to examine the spatial extent of the return signals from the ionosphere,
the post acquisition beam former was used to examine a grid 30 degrees by 30
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degrees centered at zenith with 1 degree interval pointings. Each pointing was then
cross correlated with the VHF data, dropping all of the times before 0 and after 50
milliseconds, providing a compact cube of ionograms across the sky. By examining a
single frequency that is known to have a reflected signal, a circular power pattern
emerges from the data, with the center of the circle representing the reflection point
with in the ionosphere. The flash appears to be spread over a large area, but this is
an artifact of the large beam size of the instrument at these frequencies. A larger
interferometer array would be needed to see more detail in the reflection point. An
example of this process can be seen in Figure 3.4. This figure shows the spatial power
distribution of the brightest reflected frequency, 3.725 MHz for this lightning flash.
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Figure 3.4: The signal power can be plotted spatially to show the distance and direction
of the reflected signal. Shown here is the spatial power distribution of one frequency,
3.725 MHz, of the correlated ionospheric reflection from a single lightning flash that
occurred at 2:21:41 on 27 July, 2018. This is a 30 degree by 30 degree view of the sky
centered at zenith, with the z axis being the delay in ms. Each color represents an
iso-surface of power, progressively constraining the true reflection point of the ionogram
at this frequency. The maximum signal direction and delay can be found by fitting
a Gaussian distribution to the pattern at the maximum delay time to find where the
signal is reflected from. For this flash and frequency, the maximum signal direction
and delay occurs at 11 degrees east, 4 degrees south and 1.36 ms in delay space. This
can be converted into a proper position by establishing a true height and then scaling
the x-y coordinates to that height.

This process can be repeated for every frequency with a known reflection, which
can be found by hand tracing, or picking the proper heights for a given frequency by
hand from the ionogram and using that line of frequencies and time delays to find
the spatial centers of the data. Additionally, the time delays can be converted to
true heights by applying the NHPC electron true height program to the generated
ionogram, providing a fully three dimensional reflection point of each frequency in
the ionosphere. Figure 3.5, and 3.6 show the three dimensional reflection points by
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frequency, at 2:26:33, and 2:32:40 respectively. Included with each figure is a mean
of the ionograms found for each flash as well as a VHF image of the lightning to
show the flash’s origin. The three-dimensional plots show the spatial extent of the
reflection points and how they vary with frequency and thus height. These two flashes
were chosen in order to illustrate the power of using lightning reflected signals. If the
ionosphere was perfectly flat, meaning that each layer was parallel to the ground, then
the reflected signal would be perfectly vertical, with the reflection points occurring
midway between the lightning flash and the station. What is seen in Figure 3.5 is
a collection of mostly vertically aligned reflection points on the opposite side of the
station than the lightning, which indicates a tilted, but uniform ionosphere above the
station, such as seen in Figure 3.7 (a) or (b). Later, in Figure 3.6, another lightning
flash occurs at almost exactly the same location but approximately 8 minutes later.
During this return, the reflection points are very tightly grouped, but sweep across the
station with the lower frequencies reflecting east of both the station and the lightning
flash and the high frequencies reflecting from further west than both station and flash.
The only way this could occur is if there was a narrowing of the density layers of the
ionosphere over the station, such as seen in Figure 3.7 (c). This can occur if there is
a density wave that produces a gradient in these layers, such as if there were a TID
travelling overhead. The return seen is inconsistent with an ionosphere that has a
uniform tilt, since then the reflection points would occur entirely on one side of the
station or the other such as seen in Figure 3.7 (b). An example of a density wave that
could cause this type of reflection can be seen in Figure 4 of (Cervera and Harris,
2014), which is a simulation of such density fluctuations in a typical TID. One of the
other interesting facets that this technique illuminates is that the reflection points
in Figure 3.5 are much more scattered, which could indicate that as the TID passes
overhead, the ionosphere is disturbed, creating a turbulent ionosphere in its wake.
This would explain the spreading of the reflection points as they are reflecting off the
turbulent structures in the ionosphere.
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Figure 3.5: All sky image of lightning flash at 2:26:33 on 27 July, 2018. Flash was
cross correlated on a 30 degree square grid centered at zenith (a) An image of the direct
line of sight of the lightning at azimuth 269.2 degrees, elevation 10.6 degrees, which
is ∼32 km away from the station. Images were made using WSClean imager Offringa
et al. (2014) (b) O-mode trace of the ionogram made from all sky data by averaging
all sky directions in the 30 degree square (c) A three dimensional plot of the center of
each reflection point for each frequency in the ionogram. 3d points, represented with
spheres, are projected onto the back walls as smaller squares, which helps to see how
the reflection structure is changing in each direction. Positive x is East, positive y is
North. Guide lines in white show the vertical direction above the LWA-SV station as
well as the cardinal directions. The gold guide line indicates the vertical position above
the lightning, however both the antenna and lightning are many kilometers below the
space represented here. Note the generally vertical, but loosely packed points above
the station. This represents a locally flat ionosphere in between crests of a TID passing
over head. Contrast this with Figure 3.6 for an flash that shows the TID during shortly
before or after a crest.
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Figure 3.6: All sky image of lightning flash at 2:32:40 UTC on 27 July, 2018, which
is approximately 8 minutes after the lightning flash in Figure 3.5. See Figure 3.5 for
description of the plots. In (b) this flash occurs are roughly the same location as the
previous, azimuth 272.0 degrees, elevation 9.9 degrees, giving a distance of the lightning
flash approximately 34 km from the station. (c) Despite occurring at a similar position,
but 8 minutes apart, there is a significant difference in the return signal. During this
flash, there is a dramatic sweep of the reflections with low frequencies on the southeast
side of the array, mid frequencies above the array and high frequencies northwest of the
array. We believe this to be caused by a density structure such as seen in Figure 3.7b
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Figure 3.7: Diagram showing several possible ways for lightning signals to reflect off
of the ionosphere during a TID but produce different reflection profiles. TIDs are an
order of magnitude larger in scale than the distance from the lightning to the LWA,
with ∼100-300 km for the wavelength of the TID compared to ∼30 km for the distance
of the lightning to the LWA. As such, the LWA only sees a fraction of a wave overhead.
This can result in the different reflection profiles seen in flashes from a similar location,
such as in Figures 3.5 and 3.6. On the left a flash that occurs during an undisturbed
ionosphere which results in a locally flat ionosphere, resulting in a vertical reflection
profile. In the center is a flash that occurs between peaks and troughs of the ionosphere
with ionospheric layers that are slanted, which results in another nearly vertical profile,
but displaced to one side of the lightning station arrangement. On the right is a flash
that happens while some layers are at the trough of the wave, while others have not
reached the trough yet, resulting in an ionosphere that has a converging set of density
layers, resulting in a slanted set of reflection points that cross over the station. Figure
3.5 is consistent with center reflection profile, while Figure 3.6 more consistent with a
profile on the right.
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Minimum Station Size

This method of capture also helps to answer the question, what is the fewest number
of LWA antennas necessary to successfully create a lightning ionogram? As a result
of each individual antenna being available, a subarray of antennas can be created
and beamformed and processed to see if a reliable ionogram can be formed from the
result. A logarithmically increasing number of antennas was chosen to determine
what quality of signal from the beamformed data could be seen. For a subarray of
a particular size, that number of antennas were randomly chosen across the array,
and the VHF data from just those antenna were cross correlated with the HF data
just as described above. In order to ensure that the subarray chosen was an unbiased
collection of antennas, this process was repeated 16 times for each subarray size. To
determine if a usable ionogram could be produced from the data, the average power,
in dB, was found in the area where the ionogram signal was detected in the full array
data. The ionogram signal was determined to be the region of above 25 dB, which
reliably isolates the ionogram data from the full array. This region was chosen over
using simply the peak signal since an ionogram requires many frequencies in order to
be able to extract useful ionospheric data. To better understand if the signal would
be seen, we examined the ratio of the mean power of the signal area to the standard
deviation of the power in the signal area. This gives an average signal to noise ratio
of the entire ionogram, or a likelihood that a complete ionogram well above the noise
at every point would be obtained with a subarray of this size and lightning of this
nature.
As seen in Figure 3.8, increasing the number of dipoles steadily increases the
mean power as well as the SNR while decreasing the noise. The data for this plot was
taken from a flash that occurred at 3:11:17 on 27 July, 2018, and represents a sub
optimal flash, with about 5 dB less peak signal than seen in the flashes seen above in
Figures 3.5 and 3.6. We used this flash in order to determine a worst case scenario of
producing an ionogram from lightning. We determined that in order for a station to
be able to use a lightning flash of this nature in all configurations, then the ratio of
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mean signal power to signal standard deviation would need to be at least 3σ, or a
configuration of this number of antennas would be able to produce a usable ionogram
99.7 % of the time with a flash of this nature and quality. It should be noted that
there are brighter lightning flashes, but such lightning flashes risk saturating the
system, and weaker flashes that are more difficult to see. However, these flashes
balance proximity to the station and saturation, giving a good picture of whether
a subarray smaller than 32 antenna would reliably be able to detect lightning and
produce ionograms from them.

Figure 3.8: Plot of mean power, standard deviation and ratio of the two for a random
subarray of antennas from LWA-SV looking for ionogram data form a lightning flash.
Each subarray was repeated 16 times in order to ensure an unbiased selection of
antennas. The mean power is the average of the power in the region corresponding to
>25 dB signal in the original ionogram created from the full array, ensuring a complete
ionogram would be seen in the subarray. The standard deviation of the same area was
derived to show how the noise in the region behaves. The ratio of the two previous
values were used to determine an average signal to noise ratio, which can be used to
determine the likelihood of seeing a lightning flash similar to this in brightness and
distance with a subarray of this number.
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Discussion

The beam formed mode discussed in this paper creates ionograms on an unprecedented
timescale. During a typical active lightning storm a lightning flash occurs every 25 seconds, illuminating the ionosphere from a different direction with each flash.
This compares with the typical ionogram cadence of 40 seconds to generate one
ionogram from a fixed location for a Lowell 4D Digisonde operating in standard mode
(Reinisch). If the exact location could be found, such as by using the Socorro lightning
mapping arrays (Rison et al., 1999), then the different ionograms could be associated
with a particular direction, providing a much more detailed map of the ionosphere,
especially seeing flashes that have short time scales or the short time scale evolution
of ionospheric structures. This could be useful in mapping TIDs or other ionospheric
structures such as spread F or sporadic E, creating an imaging method of ionospheric
structures.
The all sky capture mode has great potential and wealth of data to look at
ionospheric structures in fine detail. This technique improves upon a traditional
Digisonde by providing precise reflection points within the atmosphere rather than
simply an ionospheric tilt. In order to increase the number of usable flashes, the
gain of the antennas can be adjusted to prevent saturation of the antennas. This
would allow many more flashes to be captured, although 356 flashes were captured,
approximately 90% were not usable during the storm observed on September 7. This
reaches very close to the data rate limit of the machine, providing a capture every
15 to 20 seconds for the duration of the storm. This would provide an incredibly
detailed map of the ionosphere, especially because in this mode, the lightning can
essentially be pinpointed geographically from the lightning capture itself. A build
up of the images could be produced to provide a 3d evolution of the ionosphere on
these time scales. Additionally, this technique would be ideal for examining unique
ionospheric structures such as detailed maps of spread F and sporadic E, examining
in detail how the structures of the ionosphere behave spatially and temporally in the
atmosphere. This can be achieved by integrating these measurements into ionospheric
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models such as the GPS Ionospheric Inversion, or GPSII, model to make estimates of
the parameters of the TIDs passing overhead. GPSII is a three dimensional electron
density model that can accept multiple ionospheric measurements to create a complete
electron density map Fridman et al. (2016).
Both of these methods are complementary in that the all sky observing mode
provide more information per flash, but at a slower time scale than the beamformed
mode. With additional information such as flash location information, the beam
formed mode would be able to provide interesting 3D information about the ionosphere,
it would be at a lower quality as some assumptions about the spatial distribution of
the ionosphere must be made. This would allow for higher time cadence at the sacrifice
of spacial resolution, while the all sky mode allows for better spatial resolution at the
expense of temporal resolution.
While it appears that 32 antennas is the minimum number of LWA style antennas
necessary to reliably create a lightning ionogram from lightning relatively close to
the station, an antenna more specifically designed for these frequencies would be
able to decrease this number and increase the signal to noise of the flashes. The
LWA antennas have a peak resonance near 40 MHz, with a sharp taper toward the
lower frequencies of the band. A larger antenna, one two to four times the size of
a typical LWA antenna, would have a peak resonance much nearer 2-20 MHz, the
ideal ionogram frequencies. This would likely reduce the antenna requirement by
a similar factor as the size increase. This would also reduce the data rates of the
captures, providing even higher cadence for the capture of data for the lightning
flashes. This would require moving the direct line of sight information needed to cross
correlate with the HF data to a lower frequency, but any frequency band above the
plasma frequency and largely free of RFI is usable to create the cross-correlational
data. Additionally, pre-processing of the signal may be able to enhance the signal
to noise ratio and decrease the number of dipoles needed. However any decrease in
the number of dipoles will impact the ability to localize both the lightning source
and reflections from the ionosphere, which will decrease the quality of any products
produced.
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Chapter 4
Lightning Driven Coherent
Reflection Observations
Abstract: This study pioneers a new passive technique for looking at coherent ionospheric structures by using lightning as a signal source to illuminate them. Lightning
is a powerful VHF radio source, producing bright emission in every direction. This
emission can interact with structures in the ionosphere, and if they have a periodic
structure can be reflected. The Long Wavelength Array (LWA) is an ideal VHF
receiving station, having both the high sensitivity and the capability to determine the
direction of any reflections created by the lightning. This paper shows the viability
of such an experiment, and reports on the development and results of looking for
coherent returns from lightning. This is done by cross-correlating the lightning radio
burst train with microsecond time resolution images of the sky. Possible return signals
are found both over the storm and within the E and F regions of the ionosphere. More
observations are needed to rule out Radio Frequency Interference as the source of the
signals and confirm the viability of this new technique.
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Introduction

The bright radio pulses that emanate from lightning flashes are ideal tools for
examining the ionosphere. This paper looks to pioneer a method for using these radio
pulses to examine coherent structures within the atmosphere by looking for the back
scatter off of the structures. This is similar to the method of creating ionograms first
developed in Obenberger et al. (2018) and expanded upon in Malins et al. (2018).
This paper looks to develop a method for what we call lighting driven coherent scatter
radar (LCSR).
The layers of plasma at the upper regions of the Earth’s atmosphere are useful for
the propagation of radio waves in communication and remote sensing. However these
layers often contains irregularities and inhomogeneities. These irregularities disrupt
the surface of the ionosphere as a reflector for radio waves, causing scintillation in
radio images propagating through the ionosphere and “fading” in communications
(Yang et al., 2015). These irregularities are caused by different mechanisms at different
latitudes, but in the mid latitudes it is thought that neutral currents and waves cause
Perkins instabilities (?) to develop, generating rippled sheets of dense plasma that
includes many wave numbers with which radio waves can interact. The irregularities
interact with the Earth’s magnetic field and become trapped, elongated along the
magnetic field line, which gives them their name of field aligned irregularities (FAIs).
There is a strong association between FAIs and medium scale traveling ionospheric
disturbances (MSTIDs). MSTIDs are density wave trains in the E and F region of
the ionosphere that have periods of the order of 0.25 to 1.5 hours, and move at speeds
of 50-300 m/s. FAIs often display a quasi-periodic (QP) structure, and so FAIs often
are separated in space by a similar distance as the wavelength of the MSTIDs (Hysell
et al., 2004).
FAIs are typically studied by coherent scatter radars (CSRs), which work by
transmitting a narrow band pulse and detecting the reflected pulse to determine the
time-of-flight to the reflective source. The time of flight can then be used to get a
range to an object by halving the time and multiplying by the speed of light. This
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distance is actually a pseudo-range to the object, as the signal passes through the
plasma of the ionosphere to and from the reflector. Passing through a plasma causes
radio waves to experience a group velocity delay, which is propotional to the ratio of
the plasma frequency and the radio wave frequency. As the frequency of the radio
signal increases the amount of group velocity delay decreases. At these frequencies
the difference is often below the uncertainty inherent in the signal pulse itself, and
can be safely ignored.

Figure 4.1: A geometric method for finding the distance to a target in a bistatic
geometry which can be found by knowning the distance to the transmitter L,
the angle between the transmitter and target α and the total travel time from
the transmitter to the receiver r1 + r2 are known. The approximate distance
to the transmitter can be found assuming a height for the transmitter hl , and
using that with its elevation angle, θ, when observed. The travel time can be
determined from the difference in time of arrival from the transmittion and the
return, accounting for the travel time for the direct line of sight emission to the
propagate. The angle α can be solved for by calculating the sky distance between
the transmitter and the target source. For a derivation of calculating the distance
to the target, see equations 4.2 - 4.10.

The most important characteristic of CSRs for this study is array geometry. There
are many characteristics of CSRs that will not be discussed in this paper, as they
generally do not apply to lightning flashes. CSRs are typically made of phased arrays
of radio antenna with either separate or co-located transmit and receive elements. If
the transmit elements are co-located the radar is known as a monostatic radar. If
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the elements are not co-located, then the radar is bistatic. In a monostatic geometry,
the radar propagation is spherical, with the signal going out and returning along
a radius of the sphere. This makes calculating the range to a target particularly
straight forward, as the range is simply

r2 =

ct
2

(4.1)

However, in the case of a bistatic geometry, the reflection geometry becomes that
of an elliptical spheriod, with the transmitter and receiver as the two foci of the ellipse.
In this case we can determine the range through geometry, but we must first determine
the distance to the target and the angular separation between the transmitter and
the target, see Fig 4.1. The angle between the target and the transmitter is easy to
determine in an all sky image simply by calculating the sky distance between them,
such as using the haversine formula. We can determine the distance to the transmitter
if we known the height of the transmitter. Lightning occurs in the troposphere around
6 km in altitude, which we will use as the height of the lightning. We know through
direct measurement the time difference from the direct line of sight transmitter signal
and the target transmitted signal. This can be converted to a total range to the source
by multiplying by the speed of light and adding the distance to the transmitter. We
are also ignoring any group velocity delays of the ionosphere by assuming the signal
is far enough above the plasma frequency that any delay will be small compared to
the over all time. This allows us to calculate the range to the target, r2 , by using the
law of cosines:

ct + L =r1 + r2

(4.2)

r1 =(ct + L) − r2

(4.3)

r12 =r22 + L2 − 2r2 L cos(α)

(4.4)

((ct + L) − r2 )2 =r22 + L2 − 2r2 L cos(α)

(4.5)

(ct + L)2 + r22 − 2(ct + L)r2 =r22 + L2 − 2r2 L cos(α)

(4.6)
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(ct + L)2 − L2 =r2 (2(ct + L) − 2L cos(α))
(ct)2 + 2ctL + L2 − L2 =r2 2 (ct + L − L cos(α))
r2 =

(ct)2 + 2ctL
2 (ct + L(1 − cos(α)))
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(4.7)
(4.8)
(4.9)
(4.10)

It’s easy to see that in the limiting case, as ct >> L then the formula simply
reduces to the familiar monostatic case.
Other important characteristics of CSRs are the peak power and the bandwidth.
The transmit power is critical in determining the amount signal that is returned from
a coherent structure. The radar signal to noise equation is as follows (Skolnik, 2009):

P T λ2 σ
S
∼ ave 4 ,
N
N0 R
where

S
N

(4.11)

is the signal to noise ratio or SNR, Pave is the average forward power of

the transmitter, T is the effective integration time, λ is the wavelength of the pulse
wave, σ is the cross section of the target, N0 is the noise floor of the environment, and
R is the one way range to the target. For this paper, the important characteristic is
the R4 dependence, which compounds the problem of distance to the target. Lastly
bandwidth determines the structures that give returns. Structures must have some
sort of wavelength that couples to the wave and returns it. In general for coherent
ionospheric structures this is Bragg scattering off of periodic structures within the
ionosphere. If the repeating structures are

1
2

the wavelength of the incoming signal,

than waves will constructively interfere, returning a bright signal. However, the
geometry must be such that the structure is perpendicular to the propagation of the
return, which is why FAI create favorable geometry for producing returns.
This equation changes slightly for returns below the plasma frequency. In this
regime, the entire sky can return signal, eliminating the cross sectional area. Essentially the signal can propagate as if the surface were a mirror, which reduces the
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formula to:

S
Pave T λ2
∼
,
N
N0 4R2

(4.12)

Following the signals found in Malins et al. (2018), ionograms produced from
lightning reflections off of the ionosphere can have an SNR of 35 dB. If we take the
ratio of equation 4.11 to equation 4.12, we can estimate the SNR for a coherent return
for a lightning LWA system, eliminating the need to characterize either the lightning
as a transmitter or the LWA as a receiver. This produces the following equation:
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(4.13)

Where Pl is the relative power difference of lightning at the difference frequencies
and Pa is the relative antenna efficiency at the different frequencies. Lightning follows
a power law with a spectral index of α = −1 (Weidman et al., 1981). From this we
can say that a radio pulse from lightning is

1
6

as bright from 6 to 36 MHz, or a dB loss

of -7.7 dB. This is offset by the increase in sensitivity of the instrument, which we can
estimate to be approximately +20 dB (Ellingson et al., 2013) over the same frequency
shift. This is largely due to the antenna response, which is much more efficient at
these frequencies. The wavelength difference produces a -15 dB loss in the system.
Utlaut et al. (1974) calculated the cross sectional area of an artificially produced
field aligned irregularity to be 90 db square meters, or dbsm, which is a measure of
the size of the object compared to that of one with an area of 1 square meter. This
produces a final estimate SNR of 35 − 7.7 + 20 − 15 + 90 − dBrange = 122 − dBrange .
The loss of signal at a range of 200 km is 106 dB, while the loss at 500 km is 113 dB.
From this we can estimate that should significant FAIs be present, and a lightning
flash similar in brightness occurs as has been observed when producing ionograms,
we can expect an estimated SNR between 16 and 9 dB, depending on the range to
the target. This estimate assumes a large FAI and sufficiently bright lightning flash.
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However, given good conditions, this should not be an insurmountable challenge for
the instrument.
Lightning is produced from the discharge of voltages that build within clouds due
to moving ice and water particles (Kouketsu et al., 2017). It’s unclear what begins
the process of a lightning flash, but as the voltage goes beyond the critical potential
of air ionization, the air breaks down forming an ionization channel. The air ionizes
in steps a few hundred meters long at a time, in short discrete pieces known as the
step-leader process. After each step the air breaks down in a new direction, often at
some shallow angle of the previous step, which is what causes the lightning to twist
and turn across the sky (Makela et al., 2007). Once the lightning finds a ground
point, either on the ground or in a another cloud, the charge build up in the cloud
begins to discharge in what is known as the lightning stroke. Due to the complex
and dynamic movements of charge, this may in turn cause other charge movements,
causing the lightning ionization path to discharge multiple times. Important to the
discussion of this paper is the radio signals produced by each other these process.
The step leader process causes radio bursts in all directions. These bursts emit radio
waves from very low frequencies (VLF, 3 - 30 kHz) to extremely high frequencies
(EHF 30-300 GHz), being steep spectrum and brighter in the lower frequency bands.
This curve follows a power law with a spectral index of α = −1 in the HF and VFH
bands, with a steeper α = −2 at higher frequencies (Rison et al., 1999). However,
over the 1 MHz bandwidth of a single frequency bin used i nthis study, the brightness
of the pulses are effectively the same. The movement and discharge of built up
cloud charge also produces radio pulses, that are similar in nature to the step-leader
radio pulses. Each pulse is on the order of watts of power, and since the process
is chaotic, on average power is distributed isotropically. Each lightning flash, or
collections of lightning bursts, contains hundreds to thousands of individual radio
bursts. Each burst is ∼ 100 ns in duration, while the time between bursts is several
tens of microseconds. A lightning flash typically lasts for several hundred milliseconds
from the first breakdown event to the final discharge of charge.
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Instrumentation and Data Analysis

The primary instrument used in this study is the Long Wavelength Array Sevilleta
Station (LWA-SV), located at (coord 34.349 N, 106.886 W) in the central New Mexico,
USA (Taylor et al., 2012). This is array was designed primarily for long wavelength
astronomical observations but has also been used extensively to study terrestrial
phenomena such as the ionosphere (Malins et al., 2018). The station consists of a 256
dipole element array arranged in a 110 m by 100 m N-S aligned ellipse. The antennas
are pseudo-randomly dispersed so as to provide as uniform a beam pattern on the
sky as possible. The station operates from 3 to 88 MHz in several different modes of
data recording that provide different levels of bandwidth and sky coverage.
The station is designed to operate continuously and process data in real time in
order to utilize the maximum amount of sensitivity and flexibility the electronics
can offer. To do this the station has 16 field programable gate arrays (FPGAs) that
Fourier transforms all of the signals into 4096 25 kHz channels for processing. A set
of GPUs, run by the Bifrost architechure (?), then processes the data using a variety
of techniques, either correlating or beamforming the data as needed continuously.
Bifrost uses a series of ring buffers to store the incoming data in memory to allow for
efficent transfer from memory to GPU for processing. This study used the stations
transient buffer frequency-domain (TBF) mode, in which the data from the FPGA
is not transfered to the GPUs but instead is written directly to disk from the ring
buffer. Each ring buffer is approximately 5 seconds in size, limiting the size of a
TBF observation to approximately 5 seconds. Writing the data to disk also takes
considerably longer than writing from FPGA to memory, which means the cadence
of the observations is limited to the time taken to write out the data to disk, which
is about 120 times longer than the data recorded. This mode is currently hard coded
to record 432 channels of data for each TBF capture, which becomes 10.8 MHz of
usable data.
The system has been enabled to self-trigger upon receiving a bright signal initiating
a TBF capture, allowing for only the relevant lightning data to be stored. Three of
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the 256 antennas are sampled for bright pulses that agree in time. If the pulses are
approximately 15 dB greater than the background noise, and the pulse is no more
than 500 µs different in time, then a capture is initiated. The capture records 250
ms of data total, with the first 50 ms occurring before the first pulse to the ambient
noise environment before the flash to be measured. Each capture takes about 33
seconds to write to disk, preventing other captures from occurring until the process is
finished. Each capture is stored as binary files with 8 bit dynamic range. One issue
with the system is the tendency for lightning to saturate the system. Lightning is
bright enough that at ranges closer than 30 km, the system saturates, destroying
phase information need to for determining signal direction. The need to have the
gain in the system high enough to see returns must be balanced by the tendency to
saturate the antenna. This can be mitigated through masking the brightest signals in
the observation, so gains on the system are set intentionally high, with the hope that
it will increase the number of returns detected.
Once the images are captured, raw voltages are imaged using the E-field Parallel
Imaging Correlator, or EPIC (Kent et al., 2019). EPIC is able to quickly translate
the raw voltages into all-sky images by applying the raw antenna voltages to a regular
grid and then exploiting speed in modern FFT algorithms on GPUs. In order to get
high signal to noise and high time resolution, 40 25 kHz bins are inverse FFTed a
1 MHz channel, and then imaged at the native time resolution of 1 µs. This allows
for a large bandwidth of frequencies to be analyzed at once as well as provide high
time, and thus spatial, resolution for pulse returns. Each image is 64 x 64 pixels in
an orthographic projection with the traditional sky orientation of North at the top of
the image and East at the left of the image. At zenith the pixels are 1.79057 degrees
wide. Images are analyzed in power intensity only, providing a clearer way to conduct
the cross correlation of the lightning signal and the coherent returns. At the end of
this process, we have created a three dimensional matrix of time by north-south by
east west pixels for each frequency bin and each polarization.
Each 1 MHz frequency bin and polarization is then analyzed for coherent returns.
First, the location of the lightning is found by averaging in time all of the images.
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Due to the number and brightness of the pulses, the lightning becomes the dominant
source in the image. The brightest pixel, and a 2 pixel buffer surrounding it on all
sides, is analyzed to create a time series of the direct line of sight of the lightning.
This becomes the kernel that will be correlated with each other pixel. The buffer is
to ensure that all of the lightning pulses are captured if the lightning pulses move
spatially slightly during the flash. Because the lightning is so bright, the pulses
exceed the dynamic range of the digitizes and the system tends to saturate in the
images that receive the brightest pulses from the flash. In order to avoid lightning
spuriously correlating to the saturated signal, images that occur during a pulse above
3 dB in the lightning pulse kernel are masked. The lightning time series is then cross
correlated with each pixel in the image after masking. The lightning still produces a
significant zero time correlation at the point of the lightning because the lightning
has many pulses that are below 3 dB, but these don’t require masking as they aren’t
powerful enough to saturate the receiver.
With the lightning kernel, a new time series of images is created, with the time
difference from zero time being the difference in time between lightning entering the
receiver and a signal with the same pattern entering the receiver. This product is
the primary LCSR product. We can then translate this time difference to a distance,
known as slant range, from the receiver by applying equation 4.10.
Beyond simply knowing the slant range of the return, an important aspect of
analysis is the altitudes of the returns. This can be calculated by solving for the
Earth radius plus height and using the law of cosines. Here hl is the altitude of a
return some distance, d, from the antenna, and θ represents the elevation angle on
the sky.

(re + hl )2 =re2 + d2 − 2rd cos(90 + θ)
q
re + hl = re2 + d2 − 2rd cos(90 + θ)
q
hl = re2 + d2 − 2rd cos(90 + θ) − re

(4.14)
(4.15)
(4.16)
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This allows effectively every point on the time series of images to be translated
to a specific point on the globe, which will be useful in analyzing the source of any
returns.

4.3

Results

This paper examines the coherent returns from a lightning flash that occurred on 8
Aug, 2018, at 21:42:05 UTC. The capture recorded 10.8 MHz of bandwidth, from
34.6 MHz to 45.4 MHz. This was then binned into 1 MHz chunks with the first chunk
having a bandwidth of 34.6 MHz to 35.6 MHz. The highest 800 kHz of bandwidth
was dropped to ensure a 1 MHz bandwidth in all channels. The lightning occurred
at an elevation of 13.4 degrees and an azimuth of 146.8 degrees. By estimating the
height to approximately 6 km, the distance to the lightning was determined to be
approximately 25 km away.
Fig 4.2 shows the sum of the images in both frequency and time after correlation,
showing the position of the lightning and averaging out the returns that do exist in
the capture. Note the band that goes from the east (left) to the center of the image,
and the bright spot just south east of zenith in the image. The band is galactic
emission and the bright spot is Virgo A (M87), a bright radio galaxy. This shows that
our technique for imaging accurately images the sky and shows known astronomical
features.
Fig 4.3 shows the brightest point for each pixel in each of the first 6 frequency
bins. Due to a strong interferer, the highest 4 bins were rendered unusable. Each of
the bright points represents a location of possible returns by having a significantly
higher peak power than the average power seen in Fig 4.2. The time series, converted
to slant range and altitude, of each of these points was examined to determine if any
returns existed.
Fig 4.4 shows a series of bright returns from 20 degrees elevation, 68 degrees
azimuth in the 38.6 to 39.6 MHz band. This can be contrasted with the time series
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Figure 4.2: A sky image that shows the mean of all times and frequencies from
34.6 to 41.6 after masking the lightning burst times and the cross correlating
with the lightning stream. Note that this image follows the traditional all sky
image with east on the left. Labelled on this image are the lightning, which still
appears as a bright source, even after masking, due to smaller bursts that occur
on off times that do not meet the threshold for masking, and Virgo A, a bright
radio galaxy.

of a pointing at 26 degrees elevation, 70 degrees azimuth, less than 5 degrees apart in
the sky. As can be seen the returns correspond in height to the E region, and the F
region.
Fig 4.5 shows different returns from 18 degrees elevation, 99 degrees azimuth in
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Figure 4.3: The six sky images shown are the maximum S/N in time for each
pixel across the first six frequency bins. Frequency bins above this were corrupted
with a strong interfering transmitter, and has been dropped in analysis. Of note is
the change in direction of several of the structures seen over the various frequency
bins, which show the wavelegnth dependence of target cross sections, especially
when dealing with coherent structures. The lightning strike is shown on each to
indicate the source of the transmitter. Labeled on the 36.6 to 37.6 MHz bin is
the point from which Fig 4.5 draws its data, and labeled on 38.6 to 39.6 is the
point from which 4.4 draws its data from.

the 36.6 to 37.6 MHz band. These returns begin low in altitude and show steady
returns well into the F region. This direction is looking directly over the storm cell
that produced the lightning being observed by the station.
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Discussion

In order to have scatter off FAIs, the geometry must be correct. The basic equation
to understand is

k̂t · B̂ = −k̂r · B̂

(4.17)

where B̂ is the magnetic field vector and k̂t and k̂r are the transmitted and
received wave vectors respectively. An easy way to satisfy this equation is by having
the magnetic field be perpendicular to the wave vector on both transmitted and
received waves. This is the most common geometry for returned signals for FAIs. The
magnetic field vector at this location is 8.32 degrees East of North and downward 61.4
degrees. While the azimuth geometry is not particularly favorable for this system,
the downward angle is extremely favorable. This tends to support the idea that the
LCSR returns being seen in Fig 4.4 are in fact field aligned irregularities.
However, FAIs are likely not what is seen in LCSR return Fig 4.5, as the geometry
is even less favorable than in Fig 4.4, and the altitudes of returns are not possible as
they are below the well defined ionosphere bands (Booker, 1956). It is possible that
these returns are real and the nearer returns are showing plasma structures created
by cloud top lightning events such as sprites or jets (van der Velde et al., 2006). It’s
unclear how long these events last or how persistent their plasma is, but its possible
the plasma can have duration long enough to provide returns from this type of source.
Additionally, these could be meteors and meteor trails, which can ionize the air for
many minutes at a time, allowing for coherent returns of this type.
It is possible that the returns seen in these images are not reflected energy from
the lightning but are instrumental and analytical errors. Cross correlating a sporadic
signal with another sporadic signal is likely to produce correlations. The signals seen
on the horizon, especially in Figure 4.5, could be the result of either a man made
sporadic transmitter, such as a faulty power line, or a natural sporadic signal such
as a different more distant lightning strike. It is difficult to determine the origin
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Figure 4.4: The time series pixels at 20 degrees elevation, 68 degrees azimuth
and 23 degrees elevation and 72 degrees azimuth, showing the time series in both
range and altitude along the line of sight drawn by that azimuth. Both returns
are in the 38.6 to 39.6 MHz band. Seen in plots (a) and (b) are coherent returns
from regions that support favorable geometry to FAIs. The irregularities also
appear in several of the surrounding pixels and other frequencies, although not
pictured here. However, in a pointing 5 degrees away, the coherent returns vanish,
which lead credeance that these are not instrumental effects, but actual returns.
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Figure 4.5: The time series of the pixel at 18 degrees elevation, 99 degrees azimuth
in the 36.6 to 37.6 MHz band, which is the direction over the storm. The series
of returns, if real, suggest a complex structure at many ranges. This could be
from upper cloud lightning events such as sprites.

of such signals, so it becomes increasing difficult to ensure that a signal is a true
return. In order to combat this, future experiments should analyze several flashes,
and ensure that coherent structures appear in multiple flashes. The more times a
return appears in a flash, the less likely it is due to interference and more likely it
is a real return. This is because cross correlating sporadic signals should not return
spurious correlations in the same location.
The ability to see these structures with LCSR returns from lightning greatly opens
the field to search and characterize these and other types of ionospheric phenomena.
In general, the large amount of bandwidth allows for the examination of structures of
many different spatial scales simultaneously. Moreover, the isotropic nature of the
lightning allows for returns to be gathered from all directions at once. The downsides
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to this technique are that lightning is capricious and only occurs sporadically. However,
this downside seems more that out weighed by the potential information gained by
studying the returns in the VFH band.

4.5

Conclusions

In this paper we have explored a possible technique for detecting FAIs in the ionosphere
through observing the sum of LCSR returns from radio bursts produced by lightning.
We do this by imaging the sky at high time resolution and then cross correlating the
direct line of sight signal from the lightning with the rest of the images, and see if
there are peaks in power a consistent time after the lighting strikes in a particular
location on the image.
This study used 1 µs time resolution images at 10 different frequencies from 34.6
MHz to 44.6 MHz, with the top frequencies being dropped for strong interference.
The ideal frequencies for looking for FAIs come form these frequency bands. At
these frequencies, and hence wavelengths, ionospheric structures exhibit the types
of periodic structures necessary to provide coherent returns. Future research should
expand the search for returns a band that includes frequencies up to 55 MHz, as
there are often coherent signals found at these frequencies.
The LWA design is ideally suited for this type of research. First and foremost,
the sensitivity of the instrument is vital in detecting the faint returns produced by
these types of structures. Any loss of sensitivity would likely significantly degrade the
ability to pick up any returns at all. The stations ability to dynamically record all
sky events opens up the possibility of searching for returns in any direction with each
lightning flash. The large bandwidth of the instrument allows for searching for these
structures at a multitude of wavelengths, which should allow for more and different
returns to be discovered. This can put definite limits on the periodicity of ionosphere
structures and make help show how they form and where. This allows the ability to
see how coherent structures evolve in time and space, all without the need to license
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a radar transmitter.
The ability to see and characterize FAIs as well as other coherent structures in
the ionosphere allows for better understanding of these turbulent structures. These
techniques may be able to confirm the method of instability by providing short time
scale images of the structures. This technique could be used to probe locations on
the globe that produce these events, but where it is difficult or impractical to set up
a large transmitter. Receive only stations with lightning as a transmitter are much
more compact and require no licensing beyond the equipment and land. Development
of this technique could help expand the current science on the ionosphere in new and
exciting ways.
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Chapter 5
Conclusions and Future Work
The ability to use naturally occurring radio signals to specify the ionosphere has great
implications for the study of this region of the atmosphere. The greatest benefit that
these technologies can grant is the ability to gain information without transmission
of a signal. Establishing transmitters can be a difficult and lengthy process, that also
requires the use of the frequencies to be licensed from government bodies. In many
cases, the optimum frequencies for studying a phenomena are locked away, being
used for communication or other tasks. Natural signals on the other hand suffer
from no such restrictions. In general the sources looked at, pulsars and lightning,
broadcast over extremely broad frequency ranges, allowing for much of the spectrum
to be used. Since the effects of radio waves in plasmas are dispersive, studying
the difference in signals of different frequencies allows for precise measurements of
the plasma parameters. Another primary benefit of using natural sources is their
dispersed physical location. This allows for spatial coverage of ionospheric detection
to include many more areas than a man made transmitter. For example, pulsars can
be seen by more than half the Earth at any one time, and in some cases virtually
the entire Earth over a 24 hour period. This allows for high spatial coverage of a
broad frequency signal. Lightning does not cover as large an area as a pulsar, but it
makes up for that by occurring in many locations in a local area. By transmitting
from many locations, the directional dependence of ionospheric dispersive effects can
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be much more readily seen. More importantly, bulk movement, such as waves and
currents in the ionosphere can be seen by the moving transmitter of lightning. Finally,
these natural transmitters occur often, and with an event frequency that cannot be
matched by man-made signals. Within a thunderstorm, lightning can occur as often
as several times a second. With each flash, the change in the ionosphere can be seen,
allowing for the ionosphere to be explored temporally far faster than at the cadence
of a modern digisonde.

5.1

Pulsars

Pulsars provide a significant avenue of research for passive sensing of the ionosphere.
Pulsar signals can be compared fairly directly to GPS signals, which provide a good
measure of the electron content of the ionosphere. Like pulsars, GPS signals provide
a nearly global signal, which allow for many stations to receive the same signal and
compare the differences in them. The signals pass entirely through the ionosphere,
providing information not only for the bottom side of the ionosphere but the top
side as well. The difficulty of using GPS signals is that no depth information given,
only a total electron density along the line of sight. In order to correct this, modern
techniques for using GPS signals use a model of the ionosphere to place the electrons
into the volume, and thus hopefully recreate the electron density that would provide
such a signal. What pulsar data provides in the terms of Faraday Rotation is an
ability to learn something about the height of the electrons that produce the Faraday
Rotation in the measurement. The magnetic field is relatively well known, and varies
significantly with height. This means that electrons nearer to the surface of the
Earth generate more Faraday Rotation in a polarized signal than those further away.
This is still an under constrained problem, where there are many configurations of
electron densities that produce the same amount of Faraday Rotation. However, it
provides more constraints than GPS receivers. Combining GPS receivers along with
a reasonable model of the ionosphere, the Faraday Rotation measurements could
provide the missing data that bottom side only measurements of the ionosphere lack.
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Also much like GPS measurements, multiple receiving points on Earth of the
same pulsar could provide unique differences within the ionosphere, especially if the
points are regionally close. This could provide unique data of the ionosphere by
comparing the phase differences within individual pulsar pulses. If we assume that
the pulse was essentially identical before passing through the ionosphere, the minute
phase differences can be entirely attributed to the ionosphere. This would provide
extremely fine measurements of difference of Total Electron Content, and Faraday
Rotation over a period of time. This is currently possible using the two stations of
the LWA, but an array of stations in the New Mexico region would provide an ability
to essentially image the differences in the ionosphere generating a high resolution
spatial and temporal map of the ionosphere above the region. This may be able to
observe the small scale and high time resolution structure of the ionosphere in ways
that current techniques struggle with.
In order to enable this type of research, baseline measurements of the pulsars
must be completed. Being astronomical sources, pulsars carry significant amounts of
information from their origin and the interstellar medium with them. While this is
certainly useful and interesting in its own right, such extraneous information corrupts
the information of the ionosphere we are trying to learn. Fortunately, astronomical
sources such as pulsars vary slowly compared to the time scales of the ionosphere.
A pulsar’s signal characteristics may change over the course of years and decades,
but the ionospheric phenomena we are interested in occurs on the order of hours or
shorter. However, this information must still be researched and documented in order
to remove before analyzing the ionospheric data. This is difficult because the ability to
measure rotation measure for pulsars has been limited by the frequency range of radio
telescopes. The ability to directly fit for rotation measure in an observation depends
directly in the number of octaves, or doublings, in frequency, an instrument covers
as well as the types of frequencies, specifically those near enough to the ionospheric
plasma frequency to be properly affected by the tenuous plasmas and magnetic fields
of the interstellar medium. Until now, the rotation measure of many pulsars was of
the same order of magnitude as their error in measure. This is complicated by the fact
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that these measurements have been exclusively performed on the Earth, which means
that the ionosphere was present at the time of their measurement. New surveys of
pulsars that include tighter bounds on the rotation measure prior to entering the
ionosphere will significantly increase the ability of pulsar measurements to specify
the ionosphere.
These models would prove useful in using pulsars to better specify the ionosphere.
A well modeled pulsar could be used by a model of the ionosphere that assimilates
data in to it to specify the ionospheric density. If we assume that each pulse of the
pulsar is constant from its source and through the interstellar medium to Earth, then
each change of the pulse is due to the ionosphere. This is a reasonable assumption
given the size and scale of astronomical sources, it is unlikely that they are changing
on times fast enough to alter the pulse significantly from one time step to the next. A
model could build an ionosphere and ray trace through it to find the proper Faraday
Rotation and dispersion measure to produce the difference in the pulses. Each pulse
can be recorded and the build up of signals, and differences in signals over time, can
be used to explore the small scale structure of the ionosphere in ways that other
techniques are unable to.

5.2

Lionograms

Lightning ionograms, or lionograms, are incredibly useful tools for observing the
ionosphere. Primarily they are useful in that they provide a broad band signal on
all channels in locations where setting up and transmitting an ionosonde might be
difficult. Most locations on Earth experience lightning within 50 km several days per
year. For some regions, like Florida or Northern South America, this could be almost
every day of the year. When lightning does occur, it does so in intense storms that
produce hundreds to thousands of flashes, each potentially providing an ionogram.
Lionograms promise to show the dynamic ionosphere with a temporal resolution much
higher than traditional ionograms. Traditional ionosonds produce ionograms either
once every 5 to 15 minutes. This can be accelerated, but it is difficult to receive a
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report much faster than once every 30 seconds. This is mostly the result of traditional
ionogram needing to transmit a signal at each frequency and wait for a return signal.
To produce a complete ionogram takes stepping through every frequency, which takes
significant amounts of time. Lightning on the other hand occurs as fast as the storm
produces it. For storms observed, this can be as often as once every 5 seconds, to less
than a second between flashes.
Even more than temporally, the ability of lionograms to specify the ionosphere
spatially is unmatched by manmade transmitters. A traditional ionosonde is tied to a
particular location. They are licensed for that location, with a lengthy process involved
in moving it. Moreover, in a purely practical sense, traditional transmitters are masts
that require hours to put up and tear down, and with significant transmission power
must be handled carefully to avoid electrocution. In contrast, lightning transmits
from a new location virtually every flash. This provides its own complication, in that
its location must be determined for each flash, but if that location can be determined,
then it increases the amount of information gained significantly. Much like a flashlight
moving over a textured surface, each flash illuminates the ionosphere in a slightly
different way. The ripples and textures of the ionosphere as it changes overhead can
be seen clearly in the information already gathered. Even without the ability to see
the reflection points in the ionosphere, each lionogram shows a different bottomside
profile. With the location of each strike, a model could be fed this information and
allowed to solve for the ionosphere that could produce such a set of lionograms. This
model could provide a full three dimensional look at the bottomside ionosphere,
showing the extent of some structures such as MSTIDs.
Even without a model, the lionogram reflection points produce even more detailed
information about the ionosphere, than the lionograms alone. These reflection points
are essentially a coherent radar return of the bottomside ionosphere, showing all of
the textures and non-conformities mentioned above directly. We can see that the
ionosphere has density waves that agree well with model density waves. A large
enough number of these together would be able to directly show the structure of
the bottomside ionosphere. This would provide an excellent test of such models,
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validating their performance against a real world three dimensional data set.
However, this data can also be ingested into a model to provide even better
resolution of the ionosphere state. One such model is the GPS Ionosphere Inversion,
or GPSII, tool (Nickisch et al., 2016). This tool creates a three dimensional grid
of electron density, and then alters the model to fit observations by ray tracing
through the ionosphere. Lionograms can be imported into this model exactly as a
raw ionogram is, which provides a bottomside model. Additionally, the reflection
points can be assimilated into the model by running its ray tracing algorithm. The
more data points that are available from different flashes, the more the ionosphere
can be evolved over time. This provides a clearer picture of the ionosphere, providing
detailed observations of ionosphere structures such as MSTIDs.
All of this information is gathered with a single station. Even a very modest array
of stations that are able to gather reflection locations from a lightning flash would be
able to provide essentially ionospheric electron density tomography. Tomography is
the use of orthogonal data sets to determine the three dimensional structure of an
object, but in order to work, the signals must pass through the same medium from
different directions. Two stations working together would be able to do this in one
plane, but three would be able to make tomographic data sets from virtually any
lightning that occurred near them. If new instruments were to be designed, longer
baselines within a single station and antennas that have frequency responses more in
the HF band would provide more information than simply a recreation of the LWA.
The benefit of recreating the LWA would be the ease of setup and portability of
software and procedures already mature at current LWA stations.
Further research into lionograms include development of using the phase data to do
the cross correlation. Currently, only amplitudes are cross correlated, which provide
time of flight information, but only up to one wavelength. If phase information could
be used, then more accurate positions could be found. Additionally, it would open up
the possibility of gathering Doppler information, which is a useful tool in determining
electron currents and flows with in the ionosphere. This could be done by sampling
the line-of-sight information for the high frequency data and then correcting for the
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phase the pulse would have at the lower frequency, and determining the phase path
and velocity through the ionosphere. If done properly, it could provide the Doppler
information as well.

5.3

Lightning Coherent Scatter Radar

Much like lionograms, LCSR allows for information to be gathered in locations and in
times that would otherwise be impossible, either due to legal limitations of frequency
use or physical locations of a site to host such powerful transmitters. Lightning
neither recognizes not obeys any restrictions of signal. This provides the ability to
observe FAIs or other unusual ionospheric phenomena in many places around the
globe.bAdditionally, LCSR provides much more information than a traditional CSR
in that lightning propagates in all directions at once. A traditional CSR illuminates a
limited region of the sky and only receive returns from that direction. Moreover, the
receiving elements often are linear arrays that have limited directional information
depending on the orientation of the array. The LWA paired with lightning provides
full three dimensional LCSR from the moment of flash, and it illuminates targets in
a large volume.
The LWA itself seems to be the ideal instrument to detect such returns. Its peak
frequency is well within the bands in which are typically used for CSR. Typical CSR
operate from 35 to 55 MHz, which is often used by the LWA for observation. Also,
the beam pattern of the LWA is small enough at these levels to local irregularities
and other targets accurately from returns. Combined with the broad frequency
range accessible to the LWA, and the broad frequencies of lightning, and the high
time resolution within observations, this translates to high spatial resolution when
analyzing the returns.
Finally, much like lionograms above, lightning occurs very often during a storm.
The limiting factor in duty cycle of the instrument is not the presence of lightning
flashes, but the ability to read out data from triggered observations. This enables a
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high duty cycle during storms, which allows for the evolution of targets to be studied
in detail.
Future research into LCSR must begin with confirming the validity of returns
within the data by observing multiple strikes in a similar time and seeing the change
in return data. If for several lightning strikes the structures appear in the same spatial
location, then the observations are likely not interference or instrumental effects. As
well, future observations should focus on expanding the observing range of frequencies
to above the current observations of 34-44 MHz and observe also in the 44-60 MHz
regime. This would enable observations of FAI structures of many different scale.
Once this technique is validated, and it is able to provide useful coherent returns, a
dedicated campaign of study should be under taken to observe FAIs and characterize
their location and extent spatially in the region near the LWA. Other studies of FAIs
have focused on their movement in only a single plane, while the LWA would be able
to provide three dimensional movement and change of the FAIs while the storm is
occuring. Additionally, the dynamic location of lightning would provide details of
how the FAIs appear from multiple illumination angles, which will provide the most
detailed information of the nature of FAI structures to date. This may be able to
expand current models on their formation and growth, which would provide better
models to be used in global and regional ionospheric simulations.
All of this can be expanded exponentially with the addition of new LWA stations.
If multiple stations were close enough to trigger on the lightning flash, each LWA
station would be able to provide information from the FAI or other object, both
localizing the object and characterizing its periodic nature. With the proper software
and timing setup, each station would also be able to provide return information for
lightning that is not near enough to trigger the station. If a signal could be sent
faster than the 5 second ring buffer each station has, then a station could trigger
on a distant lightning flash. In this way, each station also expands the area through
which lightning can be useful, making lightning and even more useful natural signal.
In total, this new technique promises to provide a flood of new information about
FAIs and other coherent ionospheric structures.
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Final Thoughts

Naturally occurring signals dovetail perfectly with the study of the ionosphere. Nature
provides sources of radiation that vastly outstrip any manmade source in terms of
sheer power output. Lightning produces power outputs as high as 1.4×1012 W (Krider
et al., 1968) across virtually all electromagnetic wavelengths from VLF radio waves
to gamma rays. It’s trivially easy to detect lightning pulses using traditional radio
equipment, and they represent a significant source of radio frequency interference to
radio telescopes such as the LWA. Instead, using these sources as transmitters works
perfectly with radio telescopes like the LWA as the time is generally unusable due
to the lightning, and the information gained can help characterize the ionosphere,
another source of interference for the telescope itself.
Pulsars also work synergistically with radio telescopes by providing positive feed
back loops of information. In order to characterize the ionosphere accurately using
pulsars, the pulsars must be well studied and known. Similarly, in order to well
characterize pulsars, the ionosphere must be well studied and eliminated from the
pulsar information. The study of each piece reveals information about the other. By
helping to tease out the entangled information between them, each part becomes
better known.
This line of thinking can be expanded to a whole paradigm of ionospheric study
using astronomical and other natural sources. Radio blazars are super massive
blackholes that accelerate particles to extremely relativistic speed. If these fountains
are pointed toward the earth, they can be seen as extremely bright radio sources. The
Galactic plane also emits brightly in the the VHF range due to synchrotron emission
from electrons trapped in the Galactic magnetic field. This emission is also extremely
bright in these radio bands. One might imagine using both of these for observing
the complex and minute structure of the ionosphere. Like pulsars, studying these
sources reveals information about the ionosphere, studying the ionosphere reveals
information about the sources. These natural signals are constantly being emitted,
and freely available to anyone able to set up the equipment to see them. They require
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no licensing to use and no agencies to coordinate with. They are in some sense the
ideal transmitters for studying other natural phenomena such as the ionosphere.
I hope that the future hold much more research into areas of synergy between the
sciences. The gains of one field are the gains of all fields. The techniques developed
to image and correlate natural signals may well find use outside of both ionospheric
measurement techniques as well as radio astronomy. Natural electromagnetic signals
exist in many environments, and their use may prove to be a treasure trove of
information in many contexts. They provide a wealth of information about the
targets, and with better information about the target, a wealth of information about
the source. This process is greatly enabled by the explosion of technology in digital
processing, and will continue to be an astounding well of scientific research for many
years to come.
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